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In the context of global warming, the necessity of preserving the environment become more 
and more leading for people, as well as for industries and companies. In this trend, the Green 
Chemistry and its 12 principles emerged in the 1980’s. These principles are guidelines for 
chemists to design processes to reduce the use of hazardous and toxic chemicals as well as the 
production of wastes. Catalysis and the development of new catalysts play a key role to take 
on these challenges. They allow to decrease the energy barrier of the reaction and increase the 
reaction speed and/or decrease the reaction temperature. Homogeneous catalysts were 
developed for years and allowed to perform reactions in a faster way, at lower temperature and 
some allowed to tackle isomers selectivity issues. But their intrinsic homogeneous usage 
renders them difficult to recover and to reuse while a heterogeneous catalyst is easily 
recoverable by filtration or centrifugation and can further be reused for several cycles.  
Among the wide range of heterogeneous catalysts, mesoporous silica materials are particularly 
interesting thanks to the very high specific surface area, their robustness and the wide 
possibilities of functionalization. It is possible to transform this material in an efficient catalyst 
through co- and post-functionalization.  
In this context, the conversion of CO2, considered mainly as a waste, is of tremendous interest. 
In particular, we will focus on the catalytic conversion of CO2 and epoxides to cyclic 
carbonates, an attractive class of molecules used in various fields such as batteries (electrolytes) 
or as precursors of polycarbonates. The synthesis of cyclic carbonates from CO2 attracted 
attention of the scientific community as well as industries because safer and greener than the 
usual strategy using phosgene. Among ionic liquids, imidazolium salts are well known 
catalysts for this purpose. Their heterogenization on various supports such as surface of 
polymers, silica, carbon nanostructures or magnetic particles was reported in literature. The 
attractiveness of imidazolium salts can be reinforced using co-catalysts able to decrease the 
energy barrier of the reaction. There are only few reports about the heterogenization of both 
catalyst and co-catalyst on the same support, i.e. a bi-functional material.  
The employed strategy in this thesis is the functionalization of a mesoporous silica network by 
both imidazolium salts and Lewis acid sites, respectively the catalyst and co-catalyst. First, the 
mesoporous silica network is generated embedding a metal element such as Sn, Zn, Ti or Al as 
Lewis acid site. Thereafter, the surface is decorated by imidazolium salts. Materials were 
deeply characterized and a particular interest is dedicated to the Lewis acid site interaction with 
reactant for the further application in CO2 conversion.   
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Résumé 
Dans le contexte du réchauffement global et des changements climatiques, la nécessité de 
préserver l’environnement est devenue une préoccupation majeure du grand public mais aussi 
des industriels. C’est dans cette dynamique que la Chimie Verte et ses 12 principes sont apparus 
dans les années 1980. Ces principes sont des lignes directrices pour la mise au point de procédés 
chimiques qui tendent à réduire l’utilisation de produits dangereux et toxiques ainsi que de 
minimiser la production de déchets. La catalyse et le développement de catalyseurs jouent un 
rôle clé pour relever ces défis. Ils permettent de diminuer l’énergie d’activation des réactions 
et d’augmenter la vitesse et/ou de diminuer la température de réaction. Les catalyseurs en phase 
homogène sont développés depuis de nombreuses années et permettent d’effectuer des 
réactions plus rapidement, à plus basse température et certains permettent même de résoudre 
des problèmes de sélectivité entre isomères. Cependant, leur nature même de catalyseur 
homogène rend leur recyclage compliqué alors qu’un catalyseur hétérogène est facilement 
récupérable par filtration ou centrifugation et peut être réutilisé plusieurs fois.  
Parmi la large gamme de catalyseurs hétérogènes, les matériaux en silice mésoporeux sont 
particulièrement intéressants car ils possèdent une haute surface spécifique, une grande 
robustesse et de nombreuse possibilité de fonctionnalisation. Il est possible de transformer ces 
matériaux en catalyseurs efficaces par co- ou post-fonctionnalisation.  
Dans ce contexte, la conversion du CO2, considéré comme un déchet, est particulièrement 
intéressante. Nous nous focaliserons en particulier sur la conversion catalytique du CO2 et 
d’époxydes en carbonates cycliques, une classe de molécules utilisées dans des domaines variés 
tel que les batteries (électrolytes) ou comme base des polycarbonates. La synthèse de 
carbonates cycliques à partir du CO2 est attrayante pour la communauté scientifique ainsi que 
pour les industriels car plus sûre et plus verte que l’utilisation courante de phosgène. Parmi les 
liquides ioniques, les sels d’imidazolium sont des catalyseurs bien connus pour cette 
application. Leur hétérogénéisation sur divers supports comme la surface de polymères, de 
silice, de nanostructures de carbone ou de particules magnétiques a été décrite dans la 
littérature. L’attrait pour les sels d’imidazolium peut être renforcé grâce à l’utilisation de co-
catalyseurs capables d’abaisser encore l’énergie d’activation de la réaction. Cependant, il y a 
peu d’articles rapportant l’hétérogénéisation à la fois du catalyseur et du co-catalyseur sur le 
même support, c’est-à-dire la synthèse d’un matériau bifonctionnel.  
La stratégie employée dans cette thèse passe par la fonctionnalisation d’un matériau en silice 
mésoporeux à la fois par un sel d’imidazolium et par un acide de Lewis, respectivement 
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catalyseur et co-catalyseur. D’abord, un réseau de silice mésoporeux sera synthétisé avec en 
son sein, un élément métallique tel que de l’étain, du zinc, du titane ou de l’aluminium inséré 
comme acide de Lewis. Après cela, la surface sera recouverte par des sels d’imidazolium. Les 
matériaux seront caractérisés complètement et une attention particulière sera portée aux 
interactions des sites acides de Lewis avec les réactifs pour l’application qui suivra : la 
conversion du CO2.  
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General Introduction  
Functional Structured Porous Materials  
In the past century, many silica supports and silica-based catalysts were developed thanks to 
the sol-gel process. The sol-gel approach was largely employed not only for the synthesis of 
silica-based solids but also for the preparation of metal oxides with various morphologies and 
textural properties which can find applications in various fields as electronics, opto-electronics, 
catalysis, photo-catalysis or medicine. Concerning the silica-based materials, one of the most 
preeminent methods is represented by the synthesis of silicates by hydrolysis and condensation 
of silicon alkoxides using the Stöber researches.[1]  
The sol-gel process has been in the spotlight since 1992 when Mobil published the synthesis 
of mesoporous materials via a liquid-crystal templating (LCT) mechanism.[2, 3] The regular 
porous arrangement in the solid is generated via hydrolysis of the silica precursor followed by 
condensation around an LCT that is removed afterward. Few years later, the discovery of Zhao 
made another breakthrough in the development of mesoporous materials using non-ionic 
surfactant.[4] After these pioneer researches, many other materials with tuneable pore size and 
shape were obtained in the form of powder, mono-block or thin layer.  
The mechanism involved in the synthesis of mesoporous silicates was studied in-depth to 
understand or master the textural and structural properties of the final solids.[5] The generally 
accepted pathway is the following: amphiphilic molecules are dispersed in a solution and, 
under appropriate conditions (concentration, temperature, nature of the solvent …), they will 
arrange to minimize the interaction of the hydrophobic part and maximize the interaction of 
the hydrophilic part with the solvent which is usually represented by water. This generates the 
LCT. Thereafter, a silica precursor (usually a silicon alkoxide) is added to this solution (under 
acid or basic conditions) and a series of hydrolysis and condensation reactions occur to generate 
Si-O-Si bonds around the LCT. The final material is recovered by filtration or precipitation and 
dried. Finally, the surfactant molecules trapped inside the SiO2 matrix are removed (usually 
via extraction or thermal treatment) to give a porous and organized structure.  
There are many parameters to play with in order to tune the textural properties of the materials. 
For example, the nature of the template, its concentration, the solvent (only water or mixed 
with alcohol), the temperature, the reaction time, the addition of a swelling agent or salt should 
be considered. A more detailed view of the mechanism is presented in the following 
paragraphs. 
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Understanding the formation of a porous silica material 
Several mechanisms of reaction can be involved in the preparation of a porous silica network 
in function of the reaction conditions used, mainly the pH and the nature of the surfactant. In 
order to act as templating agent, an amphiphilic molecule is required. These molecules, also 
called surfactant are made of a hydrophobic chain and a hydrophilic part. There are various 
types of surfactants which can be mainly classified as cationic, anionic and neutral. One of the 
most employed surfactants is represented by the cetyltrimethylammonium bromide (CTAB), 
depicted in Figure 1. This cationic surfactant can generate micelles due to its amphiphilic 
properties.  
 
Figure 1: CTAB surfactant molecule 
Depending on the concentration in solution, the CTAB molecules tend to form a 
supramolecular structure via weak van der Walls interactions. At low concentration, these 
molecules organise at the water-air interface to form a layer. Each carbon chains interact with 
others perpendicularly to the liquid-gas interface, on the top layer, while the 
trimethylammonium group is solvated by the water molecules. Increasing the surfactant 
concentration, the top layer is full and the CTAB molecules organize in a different way. 
Therefore, they organise in a spherical shape. These transitions from one arrangement to 
another is called Critical Micellar Concentration (CMC). Increasing even more the surfactant 
concentration, the spherical arrangement passes to a tubular one. Then, supramolecular tubes 
arrange themselves in a hexagonal shape.[6] One of most known material obtained employing 
the CTAB as surfactant is represented by the MCM-41 where the silica is organized around the 
liquid crystal formed by CTAB.[2, 3] 
Similarly, anionic, zwitterionic and neutral surfactant may arrange to form micelles. The 
anionic surfactants may present carboxylate, phosphonate, sulfonate or sulphate moieties 
covalently connected to a hydrophobic tail.[7, 8] One of the most used in industry is the sodium 
dodecyl sulphate (SDS) depicted on Figure 2a. The zwitterionic surfactant are constituted of 
both a positive and a negative charge. As an example, this is achieved by a combination on the 
same molecule of both an ammonium and a sulfonate like in the myristyl sulfobetaine (Figure 
2b). The most used class of non-ionic surfactants is represented by the Pluronic family of 
surfactants. Among them, the P123 (Figure 2c) which is a co-polymer triblock with two times 
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the repetition of 20 poly-ethylene oxide on each side of a 70 poly-propylene oxide can be 
mentioned. The core of this macromolecule is considered as the hydrophobic part due to the 
methyl groups while the two extremities composed of poly-ethylene oxide are considered as 
hydrophilic regions. All these surfactants can arrange under appropriate conditions to form via 
LCT approach the scaffold for the construction of the silica architecture.  
 
Figure 2: Anionic SDS (a); zwitterionic myristyl sulfobetaine (b) and non-ionic P123 (c) surfactant 
molecules  
Once the LCT is formed, the generation of the SiO2 network around the micelles may take 
place. This process occurs through a series of hydrolysis and condensation of a silicon alkoxide 
such as tetraethylorthosilicate (TEOS) around the preformed surfactant organization. This 
process can be catalysed by acids or bases. Under alkaline condition, the TEOS is hydrolysed 
through a nucleophilic attack by a hydroxide anion. The elimination of a molecule of ethanol 
is assisted by H2O, leading also to the generation of a siloxide. The resulting siloxide is able to 
perform a nucleophilic attack on another TEOS molecule which lead to the desired Si-O-Si 
link with the generation of a molecule of ethanol and the regeneration of the initial hydroxide 
anion catalyst. This reaction goes on and on, as a polymerisation. This process is depicted on 
the Figure 3. 
 
Figure 3: Hydrolysis and condensation of TEOS under alkaline condition 
Under acidic condition, the TEOS is attacked directly by a water molecule. This is possible 
thanks to the prior activation by an acidic proton on the TEOS molecule. The generated silanol 
group attacks another TEOS molecule also activated by the acidity. It generates the Si-O-Si 
link. Again, the reaction goes on and on, as depicted on the Figure 4.  
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Figure 4: Hydrolysis and condensation of TEOS under acidic condition 
The different nature of the inorganic species (cations or anionic) generated in solution under 
acid or basic conditions and their interaction with the surfactant is one the key point to 
understand the mechanisms of formation of the silica network with a regular porosity. Under 
alkaline condition, the silica precursor is negatively charged (I-) while it is positively charged 
(I+) under acidic condition. The different mechanisms are schematized on Figure 5. For 
instance, in the specific case of MCM-41, the reaction is performed under alkaline condition 
in order to ensure the electrostatic interaction between the I- and the positively charged CTAB 
surfactant (S+).[5] Nevertheless, it is still possible to perform the synthesis around the CTAB 
organizations under acidic condition. This second approach requires a counterion (X-) such as 
Cl- or Br- to mitigate the I+ S+ repulsion.[9] El Hankari further developed the concept using a 
zwitterionic precursor ((EtO)3SiCH2CH2CH2)3N
+CH2CH2SO3
- where the I+- directly anchored 
to a sulfonate moiety interacts strongly with CTAB (S+).[10] 
 











Interaction S+ I- Interaction S+ X- I+
Interaction S- I+ Interaction S- M+ I-
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Interestingly, the synthesis of materials using S- such as SDS (sodium dodecyl sulphate) under 
acidic condition (I+) does not lead to the formation of any material. This behaviour could be 
ascribed to the too high isoelectric point of sulphate function. To circumvent this issue, the 
aminopropyltriethoxysilane (APTES) can be used in combination with TEOS. Under mild 
acidic condition, the ammonium generate a coulombic interaction strong enough with the SDS 
to arrange the SiO2. This was discovered in 2003 by Tatsumi and it was applied to the synthesis 
of various materials.[7, 8, 11, 12] 
As mentioned previously, in 1998, Zhao opened the door to the use of non-ionic surfactant 
such as P123.[4] In this case, the interaction between the inorganic species and the surfactant 
does not occur through a direct ionic interaction. The interaction is mitigated by a S0H+X-I+ 
under acidic condition. The polyethylene oxide chains are partially protonated as well as the 
inorganic species I+. It is the X- that plays the role of mediator between the positive charges’ 
repulsion. The use of P123 does not only generate the desired mesoporosity. Additionally, to 
the mesopores, the SBA-15 materials, as well as other materials synthesized using Pluronic 
surfactants, are made of interconnected micropores as a result of the presence of the end-chains 
from the P123 surfactant which are perpendicularly oriented to the direction of the tube. The 
presence of micropores was proven by N2 physisorption and by a reverse templating 
synthesis.[13] The porous matrix was impregnated with carbon and the silica was removed 
using HF. The resulting carbon structure retains the regular arrangement of the pores. The 
carbon tubes are interconnected by microtubes originally the micropores from the silica. [14]  
 From what described previously, the choice of the surfactant will have a direct influence on 
the porous organization and pore size distribution of the final solid. However, the size of the 
tubular arrangement can be also tuned with the introduction of a swelling agent such as 
mesitylene or toluene.[15] These apolar molecules are not miscible with the water solution. On 
the contrary, these swelling agents tend to interact with the apolar tail of the amphiphilic 
surfactant. As the surfactant was already organized with a tubular arrangement, the presence 
of toluene or mesitylene in the core of the tube increases its diameter.  
There are then many parameters to play with in order to tune the textural properties of the 
materials. The nature of the surfactant, its concentration or the presence of a swelling agent 
were already mentioned. There is also the reaction temperature, time, the solvent employed or 
even the silicon alkoxide used. Recently, it has been proved that the concentration and nature 
of the base in solution was a key parameter to control the overall size of the mesoporous 
particles. It was demonstrated that silica particles of reduced size (lower than 100 nm) display 
reduced diffusion limitations that analogous silica solids with standard particle size (superior 
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to 300 nm). Moreover, a direct correlation between size and catalytic activity was found with 
the silica-based particles of smaller size displaying the higher catalytic performances.[1, 16-
19] Investigation by TEM, N2 physisorption as well as low-angle XRD revealed this correlation 
and the possibility to control the size from 50 to 200 nm. These extra-small particles (XS) are 
particularly interesting for the catalysis to enhance the diffusion of the reactants and the 
products in the porous structure.  
After a potential ageing, filtration of the gel and drying, the template must be removed to free 
the porous space. There are various ways to proceed in order to remove the surfactant. The 
most common is the calcination at high temperature (450-550 °C) under air. The high 
temperature ensures a complete condensation of the silanol groups of the material as well as a 
complete degradation by combustion of the organic template. This thermal treatment is 
sometimes performed under nitrogen/air or argon/air atmosphere when the presence of oxygen 
in high concentration could have a detrimental effect on the preservation of the final porous 
architecture or could promote some sintering phenomena. In these cases it can be suitable to 
perform an increase of the temperature under inert atmosphere prior to a complete combustion 
under air.[20] The first step under nitrogen allows the structure to stabilize prior to the removal 
of the template by combustion under oxygen. The template can also be removed by solvent 
extraction. The material can be immersed in an organic solvent for several hours under agitation 
to allow the complete removal of the surfactant that is solubilized and washed off. A similar 
but more thorough manner to proceed is to wash the material with a Soxhlet apparatus. The use 
of ozone and UV light is rarer but presents some advantages when the other methods must be 
avoided and/or are inefficient.[21] On the counterpart, it generates a toxic gas and is very long 
procedure. This is a niche technic only used for samples and hardly adaptable to large scales.  
Functionalization of porous silicates  
The applications of pure mesoporous silica structure as MCM-41 or SBA-15 can be widened 
through various type of functionalization. Here, the functionalization strategies are divided in 
two main classes: the co-synthesis and the post-functionalization.  
Functionalization by co-synthesis 
In the co-synthesis, the desired precursor, either organic or inorganic, is mixed with the silicon 
alkoxide in the sol. This approach is largely employed to achieve the insertion of hetero-
elements (with hetero different from silicon) in the silica structure via isomorphic substitution 
of silicon with a metal cation. For instance, to introduce a hetero-element such as aluminium, 
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gallium or tin, the corresponding salt is dissolved in alcohol and added to the sol together (or 
even premixed) with TEOS, the most commonly employed silicon alkoxide. These hetero-
elements will be inserted within the silica architecture during the hydrolysis-condensation 
process. Alternatively, some elements can be inserted as single-site by adding the 
corresponding alkoxide to the reaction mixture. Titanium isopropoxide or butoxide are often 
used to prepare titano-silicates since the corresponding titanium chloride is highly reactive. 
Indeed, the use of the last precursor would lead to segregation of titania and silica instead of 
the desired insertion of titanium as single site. On the counterpart, some other metal salts are 
less reactive, e.g. gallium nitrate or tin chloride. They can be used as precursors to lead to the 
insertion of gallium or tin as single-site. The co-synthesis strategy often ensures a 
homogeneous dispersion of the hetero-element within the silica matrix.  
The integration of metal oxide nanoparticles in the silica structure can be also achieved via co-
synthesis. The objective is generally to stabilize the nanoparticles and avoid their sintering 
while preserving their accessibility through the porous silica network. Nanoparticles are 
usually prepared prior to an integration in the walls of the silica. An example is represented by 
TiO2 or ZnO nanoparticles which were efficiently integrated in various silica structures. [20, 
22] Noble metal nanoparticles such as Pd or Au were also used. [23, 24] 
Organic functionalization is also possible via a co-synthesis strategy employing various 
trialkoxysilane-based organic moieties. One example is represented by the tuning of the 
hydrophilic-hydrophobic balance of the silica surface achieved using a mix of TEOS and 
methyltriethoxysilane (MeSi(OMe)3) in the reaction mixture.[25-27] The main challenge of 
such a synthesis is the temperature of calcination that must be high enough to remove 
effectively the template while preserving the alkyl functionalities of the surface.[25] Other 
trialkoxysilanes with propyl (PrSi(OR)3),[28] phenyl (PhSi(OR)3),[28] or trifluoromethyl 
(CF3Si(OR)3) [29] groups were also used with the same purpose. The homogeneous 
incorporation of organic moieties in the silica framework can also be achieved using various 
bridged triethoxysilane [30-32] as represented in Figure 6. The bridging moieties can be also 
modified after their integration in the material. A vinyl group can be for example post-
functionalized (e.g. via thiol-ene reaction) or oxidized to give the corresponding epoxide. The 





Figure 6: Bridged trialkoxysilanes 
Interestingly, various structures have been synthesized including an ionic liquid as bridging 
moieties (Figure 7).[24, 33-36] In 2004, Baleizao designed a complex of vanadium with 
trimethoxysilane on both terminations. By co-synthesis, the complex is integrated in a silica 
network and the resulting solid was used as heterogeneous catalyst.[37] The vanadium complex 
can be synthesized using a classical pathway and heterogenized in the last synthesis step.  
 
Figure 7: Ionic liquid as bridging trialkoxysilane 
The co-synthesis presents the advantage to disperse homogeneously the functional moieties, 
either organic or inorganic, within the silica matrix. Conversely, the dispersion occurs also in 
the wall. Hence part of the active species is inaccessible which is a drawback for catalytic 
applications. Nevertheless, since pioneering work of Tatsumi, [7, 11, 38] it was demonstrated 
that a careful selection of the surfactant may favour the dispersion at the silica surface thanks 
to a surfactant-precursor ionic interaction. [8, 12] 
In addition, the modification of the sol, via addition of a metal salt or a different alkoxysilane, 
modifies the synthesis parameters often leading to modification of the textural properties of the 
material.[19] This means that the condition of the synthesis must be adapted and optimized.  
Post-functionalization 
In post-functionalization, the mesoporous silica is considered as a support. This approach is 
very convenient since the synthesis of various mesoporous silica structures is well mastered. 
The functionalization occurs thereafter through chemical reaction with the silanols on the 
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surface of the solid with both organic or inorganic species. For inorganic species, one way to 
achieve this goal is proceeding via incipient wetness impregnation. The material is immersed 
in a solution of a metal salt and the evaporation of the solvent forces the cations and anions of 
the salt to go in the pores. After impregnation, some metal precursor like Au, Pd, Pt can be 
reduced to the metallic state to produce metal nanoparticles. Some of the most used reducing 
agents are NaBH4 or LiAlH4. In addition, reduction can be achieved under a H2 stream at high 
temperature. One challenge of this method is the control of the dispersion on the surface as 
well as the control on the particles size.  
The incipient wetness impregnation is applied likewise to other metal such as Sn or Ga to 
anchor the hetero-element as a single site. The salt, again, enters in the porous silica and a 
thermal treatment fixed irreversibly the Sn or Ga by a condensation reaction with surface 
silanol. Recently, some researchers used complexing agent like citrate, lactate or 
acetylacetonate to enhance the dispersion of the metallic element on the surface, leading to 
single sites instead of undesired nanoparticles.[39-43] 
The use of organosilanes is also a common approach to functionalise the surface of the silica. 
All previously described molecules in the co-synthesis part can be used also in the post 
functionalization. For example, the hydrophilic-hydrophobic balance of the silica surface can 
be tuned using methyltriethoxysilane [26, 44] as well as propyltriethoxysilane,[45] 
phenyltriethoxysilane,[45] cyclohexyltriethoxysilane or fluorotriethoxysilane.[28]  
To go further in the functionalization, the surface can be modified with a linker displaying a 
trialkoxysilane functionality and a reactive coupling group which can be used to anchor the 
desired organic moiety. Some of these coupling reactions are represented in Figure 8. The 3-
(mercaptopropyl)trimethoxysilane is commonly used as linker to be anchored at the surface for 
a further functionalization through the thiol-ene coupling. [46-48] The same strategy is used 
with 3-(aminopropyl)triethoxysilane [49, 50] that is used as anchor through the generation of 
an amide group, mimicking the peptide synthesis developed by Merrifield.[51] The same kind 
of application was performed with 3-(chloropropyl)trimethoxysilane (in this thesis) or 3-
glycidyloxypropylsilane [52-56] that can act as electrophiles with respectively the leaving of 
chloride anion or the 3-member ring opening. These open a large field for various 
functionalization by organic molecules.  
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Figure 8: Anchoring of linker on the silica surface and several coupling reactions. Y stands for Si or 
H. Nu- stands for nucleophile. X is a leaving group.  
CO2 as feedstock 
The functionalized porous materials described in the previous sections can find application in 
various fields in chemistry from large scale industrial processes to small scale specialized high-
value chemicals synthesis.  
The last report from IPCC (Intergovernmental Panel on Climate Change) alarms once again 
people about the impacts of climate change. Scientists stated clearly the direct link between 
human activities, exploitation of fossil fuels and carbon dioxide (CO2) emissions as cause of 
the greenhouse effect leading to the global warming and the climate change.[57] Carbon 
dioxide increase corresponds to the beginning of the Industrial Revolution. The most used tool 
to assess the increase of this gas in the atmosphere is the Keeling curve and via the 
measurements performed in Mauna Loa, Hawaii.[58-60] It is important to mention that since 
1959, about 45 % of the carbon dioxide released from fossil fuels is not absorbed by lands and 
oceans and remains in the atmosphere.[61] The stable level of CO2 in the atmosphere of 260 
ppm at the beginning of the 19th century (before the Industrial Revolution) increased constantly 
to reach 400 ppm in the 2018 (Figure 9).  
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Figure 9: CO2 in the atmosphere and annual emissions (1750 – 2019) 
Humankind faces a global challenge to reduce the carbon dioxide concentration in the 
atmosphere in order to limit the global warming below 2 °C relative to pre-industrial levels 
with a long-term objective of a zero emissions of CO2.[57] The most evident solution is the 
reduction of fossil fuels utilization. The development of new technologies to preserve the 
energy and the resources of the Earth is one of the key pillars of the scientific community. [62, 
63] 
Carbon capture and storage (CCS) constitutes one of the envisaged routes to reduce the 
presence of CO2 in the atmosphere. This technology requires the capture and purification of 
CO2 [64] and its storage in geological formations or in ocean. However, recent studies [65] 
demonstrated that the latest approach would cause high mortality of ocean organisms. Hence, 
the strategy of storage in geological formations remains the most indicate to mitigate the 
climate change. As drawback, this solution requires additional energy input and long-terms 
studies over several decades or centuries to analyse the evolution of the situation since it could 
present leakage risks.[65-67]  
Another possibility is to use the physicochemical properties of CO2 to envisage its direct 
use.[68, 69] Carbon dioxide is gaseous at ambient pressure and temperature. Its thermodynamic 
properties are notably used in fridges and cooling systems. It replaced efficiently CFC (chloro-
fluoro-carbons) that have very detrimental effects on the ozone layer in the atmosphere. It can 
be turned from gas to a solid by sublimation allowing to cool processes at -78 °C. This is 
interesting in transportation and storage of samples since it does not melt and so does not 
require impervious containers.[70] The recent COVID-19 crisis and the necessity to transport 
vaccine at least at -70 °C put this utilization under the spotlight. Over 73.8 bar and 31 °C, 
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carbon dioxide behaves as supercritical fluid. This state of matter is used in various chemical 
processes such as the extraction or as solvent.[69, 71] This solvent is used for various chemical 
reactions like hydrogenation, synthesis of organometallic compounds, metal chelation and 
extraction, preparation of inorganic nanoparticles, polymerization, and even for free radical 
reactions.[70, 72] 
The previously described applications of the carbon dioxide are based on its direct use. To go 
further, chemists are interested in performing chemical conversion of the CO2 molecule itself. 
Chemical transformations of CO2 are challenging if the high stability of this molecule (standard 
enthalpy of formation = -393.52 kJ/mol) is considered. Nevertheless, history of chemistry 
reminds us that nitrogen (N2) is also a very stable molecule and it is still used for the Haber-
Bosch reaction to produce ammonia (NH3) for decades.[73] Natural systems are able to 
synthesize molecules starting from CO2. The best example is given by plants and bacteria that 
are able to photosynthesize a huge variety of complex structures using CO2 as feedstock. This 
process is already exploited in farms for various production[74] from fine chemicals[75, 76] to 
raw materials such as ethanol,[77] alkanes,[78] and other biofuels.[79-81].  
The utilization of plants as a source for chemicals is sometimes thought as a reservoir for 
industries. But we must be careful that our needs for energies and chemicals to do not compete 
with croplands and virgin forests.[82] We must remember at this point how important they are 
in tackling the global warming issue by absorption of the CO2.  
Many other processes are under development to convert the carbon dioxide. Here, it is chosen 
to divide them in 3 categories: the photo-reduction, the electro-reduction and the direct 
conversion.  
Photo-reduction  
The photo-reduction is bio-inspired by natural systems. It is sometimes called the artificial 
photo-synthesis. The idea is to use the energy of the light to convert the stable CO2 into valuable 
chemicals of higher energy. It is desirable to use directly the power of the sunlight since the 
estimated energy received on the planet in one hour could cover the whole energy needs of 
humanity for one year.[83-86] In laboratory, even when the process is performed using deep 
UV-lamps, it still requires less energy than a thermal activation. [86] In any case the use of a 
photocatalyst (organic, inorganic or hybrid semiconductor) is required. The proposed 
mechanism is based on the photoexcitation of the semiconductor followed by a charge 
separation to generate the hole-electron pair. The available electron is then used to reduce the 
CO2.[84]  
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Very recent researches, demonstrated the elevate potential of an iron containing porphyrin to 
photo-reduce CO2 to CH4 under-visible light, as depicted on Figure 10.[87] Similarly, a 
Periodic Mesoporous Silica (PMO) material containing biphenyl bridges in the wall was 
synthesized to harvest the light. A Re-based bipyridine complex was anchored in the pores of 
the PMO as catalyst to reduce carbon dioxide to monoxide. [88] 
These technologies present the potential to create a circular economy. Valuable chemicals are 
consumed, for instance burned. The generated CO2 would be collected and thereafter photo-
reduced back into a valuable chemical thanks to the solar energy.  
 
Figure 10: Photoreduction of CO2 to CH4 
Electro-reduction 
Instead of using the light to generate a photo-excited electron, there is a more straightforward 
mechanism to use: the electro-reduction. This process implies the direct use of electricity to 
perform a chemical reaction as schematize on Figure 11.  
 
Figure 11: Electro-reduction of CO2 to CH4 on surface 
This transformation requires the design of new catalysts which are also able to conduct the 
current. Various examples, were already reported in the literature. Different metals such as 
copper functionalised with Pd were employed to produce CO, methane, ethylene or 
ethanol.[89] The use of Ag-based system was described to produce CO, formate, ethanol or 
ethylene.[90] Gold was employed to produce CO.[91] Recently, new catalysts have emerged 
thanks to the conductive properties of carbon nanotubes (CNTs). These CNTs-based catalysts 















electron mechanism.[92] Nanospikes were also reported for the production of ethanol.[93] New 
electrocatalysts are then not limited to the reduction of CO2 to one-carbon containing 
molecules. Interestingly, the CO dimerization on copper nanoforms open the avenue to 
coupling reaction to produce ethanol, propanol or ethylene.[90, 94] 
The processes of electro-reduction are more and more developed since the production of 
electricity from renewable sources become prominent to substitute the energy production by 
fossils. It is advantageous as a mean to store and level the electrical energy produced by 
intermittent sources such as wind or solar.[95, 96] Nevertheless, it does not appear as a solution 
to all problems and it must probably be integrated as part of a larger panel of technical 
possibilities. A recent review demonstrated the interest of combining thermo- and 
electrocatalysis.[97] 
The direct conversion 
Carbon dioxide can be converted to valuable chemicals reacting with high-energy molecules 
such as H2. The hydrogenation remains the classical way to reduce the most oxidised form of 
carbon, i.e. CO2. The high energy molecule H2 counterbalances the thermodynamic stability of 
CO2, making possible the reaction. For several years, scientists were devoted to the production 
of fuels by catalytic hydrogenation of CO2 to methane (CH4), formaldehyde (HCOH) or formic 
acid (HCO2H). More advanced catalytic processes allow the conversion to alkanes,[98, 99] 
aromatics [100] or methanol.[101]  
The Sabatier process converts directly the most oxidized CO2 to the most reduced CH4 with 
water as by-product. This reaction is exothermic (-164 kJ/mol). Biological methanation is 
performed at relatively low temperature (<70 °C) while the corresponding catalytic route 
requires higher temperature usually c.a. 250 °C. During the process, the production of carbon 
monoxide as by-product may occur which is reduced also to CH4. The CO is not an 
intermediate but a by-product which can be – by Fischer-Tropsch reaction – converted to other 
useful liquid hydrocarbons. The mechanism of the reaction is strongly influenced by the metal 
used which are usually Ru, Ir, Rh, Ni, Co. They are often supported on alumina, silica or 
titania.[102] Methanol production for instance on a Cu/ZnO/Al2O3 catalyst is direct at low 
temperature but is mediated by CO at higher temperature (>260 °C).[103] 
To go further, new catalysts based on copper catalysis and more recently on Pd-Cu, Pd-Zn or 
In2O were developed to produce more selectively alcohols with longer chains by C-C coupling. 
This catalysis to produce heavier alcohols is very interesting to generate liquid carbon-neutral 
fuels using dihydrogen produced from water electrolysis.[104] To be consistent with 
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sustainability, the hydrogen should be produced by electrolysis of water using electricity from 
renewables or using emerging techniques. But so far, this is not economically viable compared 
to steam methane reforming.[105, 106] The direct use of hydrogen presents other drawbacks 
such as the difficulty of stocking, transporting or safety.[105] These difficulties with 
dihydrogen could be by-passed if it is used on site to produce these carbon-neutral fuels.  
There are various other high energy molecules than hydrogen that can be used as building block 
to react with the very stable carbon dioxide and produce valuable products.[107, 108] It started 
in 1922 with the development of the Bosch-Meiser process (Figure 12) to produce urea from 
carbon dioxide and ammonia.[109, 110] The urea is mainly used for agriculture as fertilizer.  
 
Figure 12: Bosch-Meiser process 
Carboxylic acids can be produced by coupling with Grignard (Figure 13) or organolithium 
reagent (Figure 14), themselves generated from an alkyl or aryl halide. The reaction is rapid 
and straightforward since it can even work with dry ice, i.e. solid CO2 at -78 °C, even if 
limitations related to the high reactivity of organolithium must be taken into account limiting 
the upscaling for instance.[68] The synthesis of aspirin is also performed by reaction of 
phenolate and CO2 to produce the sallycilic acid intermediate since 1890 (Figure 15).[111, 112] 
 
Figure 13: Carboxylate synthesis from Grignard 
 
Figure 14: Carboxylic acid synthesis from organolithium 
 
Figure 15: Salicylic acid synthesis from phenolate 
In this thesis the focus is on the conversion of epoxides into cyclic carbonates. Cyclic 
carbonates have various utilization in industry as polymer precursors [113] or as solvents for 
batteries.[114, 115] This pathway also presents the advantage to avoid the classical route 
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involving the use of phosgene – a very toxic reagent – and the by-production of hydrochloric 
acid as demonstrated in Figure 16.[116] About the synthesis of polycarbonates, the use of 
dimethylcarbonate or cyclic carbonates of large ring size (>5 membered) as carbonyl source is 
also reported but the process can be claimed as environmental friendly only if the precursors 
are not produced using phosgene (or another highly toxic or corrosive species) as initial 
carbonyl source.[117]  
The anionic ring-opening behaviour of the cyclic carbonates is known to depend on the ring 
size. Six-membered cycles (or larger) using anionic initiators tend to polymerize at a relatively 
low temperature (<100 °C) whilst the polymerization of the five-membered ring is 
thermodynamically unfavourable and proceeds at a higher temperature (>150 °C) causing the 
elimination of CO2 to produce a copolymer that consists of both carbonate and ether 
linkage.[118]  
A direct conversion of CO2 and epoxides to the polymer is also envisaged in literature. These 
polymers are produced when the final step of 5-membered ring closure by back-biting is 
unfavoured compared to the chain propagation. A careful choice of the catalyst as well as the 
reaction conditions enables to orient the reaction through the production of cyclic carbonates 
or polycarbonates and eventually to control the polymer structure. The final polymer can be 
constituted by mixed chains with polyether and polycarbonates resulting from the direct 
polymerization of the epoxide and insertion of CO2 in the chain right after the 3-member ring 
ring opening.[119] The mechanism involves notable a higher content in Lewis acid site 
favouring the chain propagation instead of the ring-closure as detailed in the next section. 
Some authors, also reported the use of aziridines (instead of epoxides) to produce the 
corresponding oxazolidines (Figure 17).[120] 
Considering the high potential of the cyclic carbonates but the intrinsic limitations of the 
synthesis of 6-membered rings from oxetane, we will mainly focus on the synthesis of 5-
membered ring cyclic carbonates from epoxides.  
 
Figure 16: Direct synthesis of cyclic carbonates from epoxides (up) and phosgene pathway (bottom) 
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Figure 17: Oxazolidines synthesis from aziridines 
Catalytic conversion of epoxides to cyclic 
carbonates: State-of-the-art 
Firsts attempts of coupling epoxides and CO2 were performed using the 2,3-epoxypropyl 
phenyl ether as substrate and several salts were tested.[121] It was demonstrated the NaBr and 
LiBr were the bests catalysts of the series. A first mechanism was already proposed and is still 
used nowadays. This mechanism is depicted on Figure 18 and involves the initial epoxide-ring 
opening (1) by a nucleophile (usually the counterion of the salt). The generated alcoholate (b) 
is a nucleophilic moiety able to attack the electrophilic carbon of CO2 (2). The catalytic cycle 
ends with the 5-member ring closure to form the cyclic carbonate and the regeneration of the 
initial nucleophile (3). The nucleophile is the central moieties since it is responsible of the 
opening of the epoxide at the step (1) and it acts as leaving group at the step (3). The order of 
nucleophilicity Cl- < Br- < I- is in agreement with the experimental data and the kinetic of 
reaction determined by the step (1). On the contrary, fluorine F- shows almost no activity, 
probably due its bad leaving group ability at the latest step of the cycle. These assumptions are 
supported by recent studies using bifunctional porphyrin with various anions and cations.[122]  
 
Figure 18: Catalytic cycle for the carbon dioxide conversion with epoxides to cyclic carbonate using 
ionic liquid (C+A-). Path A 
A second mechanism was also depicted in Figure 19. This is more probable under high 
pressure, i.e. when the amount of carbon dioxide is elevated and then more probable to react 
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with the anion. The CO2 is directly attacked by the nucleophilic anion to form a carbonate after 
step (1). This weak nucleophile is able to open the epoxide at step (2). Finally, the ring closure 
occurs and lead to the cyclic carbonate and the regeneration of the salt. 
 
Figure 19: Catalytic cycle for the carbon dioxide conversion with epoxides to cyclic carbonate using 
ionic liquid (C+A-). Path B 
Recent works from Ema et al. as well as Muller et al. demonstrated via a D-labelled pure 
enantiomer that the path A (Figure 18) was the most favourable.[122-124] The same group 
synthesized successfully a new chiral catalyst based on porphyrin to produce in an 
enantioselective way the desired cyclic carbonate further supporting the prominence of the path 
A. [125] This enantioselectivity also demonstrates the very efficient activation through the 
oxygen of the epoxide by the porphyrin.  
The recent researches do not rely on the LiBr or NaBr as the pioneering work but on ionic 
liquids such as ammonium, phosphonium, imidazolium, pyridinium or triazolium salts (Figure 
20).[112, 126-128] According to the Hard-Soft Acid-Base theory (HSAB),[129] it worth to use 
a soft cation such as the aromatic imidazolium with the positive charge delocalized in the 5-
membered ring. This renders the hard chloride or bromide anion more available to proceed to 
the nucleophilic attack compared to the homologue KBr or KCl. It acts as the driving force of 
the initial nucleophilic attack. 
 
Figure 20: General representation of several cations in ionic liquids. From left to right: ammonium, 
phosphonium, imidazolium, pyridinium, 1,2,4-triazolium and 1,2,3-triazolium 
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It is very well documented that the use of a co-catalyst is desirable to help the epoxide ring-
opening, i.e. the initial nucleophilic attack.[130-135] One of the employed classes of co-
catalysts is represented by Lewis acids since they can favor the formation of a Lewis acid-base 
adduct, for instance between a Lewis acid and the oxygen of the oxirane which is a Lewis base. 
Another class of co-catalysts displaying a different activation pathway is represented by the 
alcohols. The last compounds can form an H-bond with the oxygen of the oxirane hence 
favoring the ring-opening.[136-139] A less explored way is the activation of the CO2 by a 
Lewis acid. It is known that the the oxygen atoms of this small molecule display a Lewis base 
character and can coordinate to Lewis acid sites such as metal centres (e.g. Zn, Ni), leading to 
a more electrophilic carbon atom. This coordination has been proved on various metal centres 
and complexes and the resulting enhanced electrophilicity was demonstrated by 13C NMR and 
IR measurements.[140, 141] 
It would be desirable to recover easily the catalysts, notably to be consistent with the principles 
of Green Chemistry, deeply investigated later. The preferred way is the heterogenization of an 
ionic liquid on a solid support. The cation is covalently linked to the solid surface while the 
anion is relatively free, only maintained close to the solid by electrostatic interactions with its 
cation. Indeed, the catalyst is heterogeneous, so easily recoverable and reusable but the anion 
has a high mobility around the surface. To enhance the catalytic activity, Lewis acids such as 
ZnBr2 or ZnCl2 [142-144] or alcohols [145] to play the role of co-catalyst were also added 
under homogeneous conditions. In this case, the catalyst is heterogeneous and the co-catalyst 
is homogeneous.  
Another largely employed combination of catalysts and co-catalysts uses a heterogeneous 
Lewis acid with an ionic liquid (sometimes called additive) in homogeneous phase.[146-148] 
One of the most known examples is represented by the use of a MOF-based catalysts with 
Lewis acid properties in the presence of tetrabutylammonium bromide. [149] Other works 
report the employ of modified graphite as graphite oxide in the presence of different 
imidazolium halides.[150]  
Hereafter, some reports from the literature are briefly presented to give an overview of all the 
possible heterogenization processes, using various cations, anions, supports, techniques and 
co-catalysts. 
To start, the heterogenization of ammonium-based salts was reported on SiO2 [151, 152], 
carbon nanotubes [153] or metal-organic framework (MOF)[154, 155] by covalent 
functionalization of the surface of the support with the IL. The influence of metal elements in 
the silica structure as well as the presence of carboxylic acids (as H-bond donor) on the surface 
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of the nanotubes were also evaluated and the activity of the catalysts was compared to the sole 
contribution from the ammonium.[151-153] In addition to these issues, a thorough 
investigation must be done to evaluate the potential applicability of the supports considering 
e.g. the very elevated cost of production and of carbon nanotubes or the stability of the MOFs.  
Like ammonium, phosphonium salts were also employed as catalysts on various supports with 
a similar strategy since the structure is very analogous. A covalent link is generated between 
the phosphonium-based salt and the support which can be silica,[156-158] alumina [157] or 
polystyrene.[156, 158] The positive influence of the silica support as well as the presence of 
alcohol groups was studied.[156-158] 
The anchoring of cyclic cations such as imidazolium, pyridinium or triazolium are also 
presented. Surprisingly, there are very few works related to the use of triazolium salts for the 
conversion of CO2. Only one report describes the use of the 1,2,4-triazolium anchored on silica 
and polystyrene resin using a nucleophilic substitution by 1,2,4-triazole derivative.[159] Zhou 
et al. reported the generation of a 1,2,3-triazolium through the alkyne-azide click chemistry on 
a MOF structure (MIL-101-N3) followed by a quaternization on the N3 position.[160] Maeda 
et al. reported the same approach in homogeneous phase to functionalise the porphyrin.[125] 
An original method for immobilization through non-covalent link was developed by Mirabaud 
et al. The silica surface was decorated with cavitand acting as host of an ammonium guest. The 
authors achieved yields comparable to those obtained employing the ammonium salt under 
homogeneous conditions. This excellent result was attributed to the free movement of both the 
cation and its anion (halide). Additionally, they anchored the ammonium covalently to the 
surface and capped the ammonium with the cavitand. Despite the mobility of the halide, they 
demonstrated a decrease of the catalytic activity compared to the approach using an anchored 
cavitand while ammonium halide benefit from higher mobility. Both anion and cation are 
therefore of major importance. [161, 162] 
So far, it was reported only the immobilization of one active species on a surface. Interestingly, 
some authors dedicated special care to the development of an efficient co-catalyst such as 
porphyrin or salen. Thereafter, they covalently linked it through an ammonium link. This 
approach has a double role: it allows anchoring a complex molecule which will play the role 
of co-catalyst and generates an ammonium salt (as catalyst). Several supports were used such 
as iron oxide nanotubes [163], silica [164-166] or polystyrene [165]. All these supports benefits 
from very low cost of production or low toxicity.  
Co-synthesis strategies were also envisaged by several authors to avoid notably the use of a 
preformed support. They developed the synthesis of functional monomers that are polymerized 
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thereafter to generate a solid material.[167-170] The polymerization can occur using a cationic 
monomer leading to a cationic backbone with free anion around. On the other hand, anionic 
backbones such as polymethacrylates can be envisaged too with free cations around.[171, 172] 
Obviously, for the targeted CO2 conversion with epoxides, it is more desirable to rely on a 
cationic structure. The halide would have a higher mobility to perform the initial ring-opening 
of the oxirane. Even if not required, the use of a solid support can be advantageous to guide the 
polymer and increase its specific surface. This can be performed by polymerization of vinyl-
imidazolium around carbon nanotubes [173] or carbon nanohorns.[174] Modified 
phosphonium salts were polymerized around silica, titania and iron oxide nanoparticles using 
a plasma technique.[175] 
Some authors adapted the use of porphyrin as an efficient co-catalyst to generate a polymer 
containing both porphyrin and the IL. Wang et al. performed it by mixing a phosphonium and 
a magnesium porphyrin and the copolymerization occur thanks to the vinyl functions on both 
of the precursors.[176] Chen et al used a similar strategy by generation in situ of an 
imidazolium salt through an amine-decorated porphyrin.[177] Jayakumar used a slightly 
different strategy by mixing imidazolium, pyridinium and porphyrin precursors and 1,4-
di(bromomethyl)benzene to polymerise around a carbon nanotube.[178]  
A rapid search on the SciFinder search engine with CO2 and epoxide as key words gave a hit 
of 11 759 results. Adding ammonium, phosphonium, imidazolium, pyridinium or triazolium as 
keyword, the engine gave a sharper overview of the results as depicted on the outer circle of 
the Figure 21. A similar research was performed adding cyclic carbonate as keyword and the 
repartition of the 1766 hits are represented on the inner circle of the Figure 21. Precising the 
cyclic carbonate as final product broadened the results of ionic liquids mentioned from 14 % 
to 29 %. This gives a rapid idea of the efforts dedicated to the application of ammonium salts 
to the conversion of carbon dioxide. This importance could come from their commercial 




Figure 21: SciFinder hits using keyword CO2; epoxides (outer circle) and cyclic carbonates (inner 
circle) 
Over the years, there has been a growing interest in the field of the conversion of epoxide and 
CO2 to cyclic carbonate. Again, the search engine SciFinder was used and data were sorted by 
years of publication in Series1 of the Figure 22. A second research was performed adding 
imidazolium as keyword (Series2).  
 
Figure 22: Scifinder hits about epoxide to cyclic carbonate conversion with CO2 sorted by years of 
publication (Series1) and including imidazolium (Series2) 
Many efforts have been dedicated to the heterogenization of imidazolium salts. Previously 
mentioned approaches were used such as the direct anchoring on the surface of polymers [179], 
silica[47, 180], carbon nanostructures[173, 174] or magnetic particles[181]. There is also a 
growing interest in the synthesis of poly-ionic liquid (PIL) in order to render the imidazolium 
salt heterogenous without the requirement of a solid support.[182] 
Few researches focused on the immobilization of the imidazolium and a Lewis acid on the 



















Lewis acid source. Some authors reported the synthesis of a MOF using a modified terephthalic 
acid on which imidazolium bromide [183, 184] is anchored by post-functionalization. Other 
authors used terephthalic acid modified by imidazolium salt as direct organic building unit for 
the MOF synthesis.[185, 186] Recently, Ding and Jiang proposed an encapsulation of a poly-
imidazolium salt inside the MOF porous structure.[187] This is parented to the ship-in-a-bottle 
strategy. Unfortunately, the stability of MOFs remains a difficulty inherent to the material.  
Finally, the recyclability of many materials is questionable. Some authors report clearly a lack 
of reusability. Some other performed those with 100 % conversion, i.e. with an excess of 
catalyst that does not allow to detect a possible leaching or any decrease in activity.  
Green Chemistry  
The development of heterogeneous catalysis and the reuse of CO2 is a perfect example of the 
application of the principles of Green Chemistry. Green Chemistry is a concept formulated in 
the 1990’s by Anastas and Warner involving 12 principles to perform chemical processes less 
wasteful and less damaging to the environment.[188]  
Nowadays, these concepts tend to be applied more and more. Industrials as well as academics 
follow the notion detailed thirty years earlier, driven notably by the politics and regulatory 
agencies that punish the polluters and reward the clean producers.[189] To help a correct 
assessment of the righteousness, various scale such as the E-factor were established. [190] 
In the context of CO2 utilization and the specific reaction with epoxides to give the 
corresponding cyclic carbonates, several sustainable principles are respected. A general 
overview of the reaction is presented hereunder followed by a detailed analysis of the 12 
principles of Green Chemistry.  
Intrinsically, if a total selectivity is considered, the reaction displays an atom economy of 100 
%. Moreover, the reaction can be performed under solvent-free conditions, which avoid 
additional steps of extraction as well as the use of potentially toxic solvents and the energy and 
time related. The use of heterogeneous catalysts allows the easy recovering of the catalytically 
active solid and ideally its reusing in multiple cycles. The variation of pressure is directly 
proportional to the CO2 consumption. Some reactors are controlled by mass flow giving a direct 
measurement of the CO2 fixation. This is particularly adapted to low pressure reactions, 
compliantly with security issues mentioned in principle number 12. Particularly, flow 
chemistry is suitable with this last principle.[164, 165, 191] 
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An in-depth analysis of all the reagent and principles of the test reaction used in this PhD thesis 
is given hereafter. The 12 principles are cited and after each principle it is reported how the 
present research is compliant to those.  
 
1: Prevent Waste 
It is better to prevent waste than to treat or clean after it has been created 
• A renewable source of carbon is used, no toxic by-products are generated 
• Selectivity is often total 
• The catalyst (if heterogenous) can be easily recovered and reused 
2: Atom Economy 
Synthetic methods should be designed to maximize incorporation of all starting materials 
into the final product 
• The atom economy of the reaction is 100 %.  
3: Less Hazardous Synthesis 
Use and generate substances that possess little or no toxicity to human health and 
environment 
• Carbon dioxide is a non-toxic and non-flammable gas.  
• Most of the epoxides are carcinogenic and/or can cause damages the central nervous 
system.  
• Ethylene oxide presents risks of explosion 
• But there is a net increase in safety compared to the previous reported phosgene-
based method  
4: Design Benign Chemicals 
Chemical products should be designed to preserve efficacy of function while reducing 
toxicity 
• Carbonates are not particularly toxic 
5: Benign Solvents and Auxiliaries 
The use of auxiliary substances (solvents, separation agents) should be made 
unnecessary/innocuous 
• The reaction is performed under solvent-free conditions 
• The selectivity to the desired product is often complete The recovery of the solid 
catalyst is performed via simple centrifugation or filtration 
6: Design for Energy Efficiency 
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Energy requirements should be minimized. Synthetic methods should be conducted at 
ambient temperature and pressure 
• Part of the thesis goal is to improve the activation step to reduce the reaction 
temperature 
• Studies demonstrated than the influence of the pressure is not crucial and synthesis 
can be performed at relatively low pressure (< 10 bar) 
7: Use of renewable Feedstocks 
A raw material or feedstock should be renewable rather than depleting 
• CO2 is a renewable feedstock 
8: Reduce Derivatives 
Unnecessary derivatization (use of blocking groups, protection/deprotection) should be 
minimized/avoided. Such steps require additional reagents and can generate waste 
• The reaction is straightforward 
• The catalyst can be recovered and reused 
9: Catalysis 
Catalytic reagents (as selective as possible) are superior to stoichiometric reagents 
 
10: Design for Degradation 
Chemical products should be designed so that at the end of their function they break down 
into innocuous degradation products and do not persist in the environment 
• Most of the carbonates are not persistent in nature 
11: Real-Time Analysis for Pollution Prevention 
Analytical methodologies need to be further developed to allow for real-time, in-process 
monitoring and control prior to the formation of hazardous substances 
• The reactor used for catalytic tests is equipped with an electronic pressure gauge. It 
enables a real-time monitoring of the reaction 
12: Inherently Benign Chemistry for Accident Prevention 
Substances and the form of a substance used in a chemical process should be chosen to 
minimize the potential for chemical accidents 
• The possibility to work at relatively low pressure and the research for low 
temperature synthesis limit the possibility of explosion due to the pressure 
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Considering the high potential for functionalization and therefor as catalyst of mesoporous 
silica materials and the interest of using CO2 as feedstock for the production of cyclic 
carbonates, it is proposed to focus on the heterogenization of imidazolium salts together with 
a co-catalyst component. This is detailed in the following Thesis outlines.  
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Thesis outlines  
The importance of CO2 as feedstock in the field of Green Chemistry and the particular interest 
of the coupling of CO2 with epoxide to form cyclic carbonates was demonstrated previously. 
It is highly desirable to develop easily recoverable and reusable catalysts to achieve this goal 
and to stay even closer to the principles of sustainable chemistry. In this context, the design of 
highly efficient (both in terms of conversion and selectivity) heterogeneous catalysts play a 
decisive role. Over the years, the development of heterogeneous catalysts was enhanced 
through the development of (meso)porous silica networks that present a large window of 
possible morphology, size and porosity. More importantly, silica-based solids display a broad 
potential of functionalization via co-synthesis or post-functionalization strategies. These 
strategies can be employed for the functionalization of the silica support with organic moieties, 
inorganic nanoparticles or single-site substitution.  
Among the literature, there are multiple examples of heterogenization either of the catalyst or 
of the co-catalyst. Only few authors report fully heterogeneous catalysts embedding both Lewis 
acid as co-catalyst and the imidazolium salt as main catalyst. Even fewer are reusable over 
multiple cycles. Here, it is chosen to use mesoporous silica network and its wide possibilities 
to be functionalized to develop new catalysts using both co- and post-functionalization of the 
silica. They are also particularly suitable thanks to their stability.  
In the first chapter, the general strategy employed is set up. A mesoporous silica network 
embedding Sn or Zn as single-site in the SiO2 architecture was realised using a co-synthesis 
approach. The presence of these metal cations as single site generates a Lewis acidity, i.e. the 
co-catalyst. Then, the imidazolium salt, i.e. the main catalyst was anchored on the surface via 
a one-pot reaction using at the same time N-methylimidazole and 3-
chloropropyltrimethoxysilane to generate and anchor simultaneously the imidazolium chloride. 
After synthesis, the materials were fully characterized. A special attention was dedicated to the 
acidity of the solids and to the possible synergic role of Lewis acid and imidazolium salts on 
the catalytic performances of the bi-functional catalysts. The influence of the Sn and Zn to 
enhance the catalytic activity was investigated and the results were compared with the 
corresponding metal-free material.  
Along the different chapters, the designed material was modified to improve its catalytic 
performances by varying the metal inserted (Sn, Zn, Ti, Al) or the imidazolium moieties 
anchored. The objective was to understand activation ability of the co-catalyst while improving 
the catalysts performances.  
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In the second chapter, the nature of the anchored imidazolium salt was modified. The initial 
aim was to add alcohol moieties able to create H-bond with the epoxide and to verify if the 
Lewis acid moiety (represented by the Sn centres) could be able to directly activate the CO2. 
Experiments of CO2 adsorption coupled with IR experiment demonstrated the principle that 
the CO2, usually neglected in the literature, is also activated by the material. This result push 
forward the understanding of the reaction mechanism.  
The isomorphic substitution of silicon with Ti was performed in the third chapter. In this case, 
the importance of the presence of Ti as single site was dual. On the one hand, it plays a 
fundamental role (as Lewis acid centre) to enhance the activity of the solid in the synthesis of 
cyclic carbonates. On the other hands the titanium-based solid revealed an efficient catalyst for 
the epoxidation reaction. This would lead to a cascade reaction from alkenes to epoxide to 
cyclic carbonate.  
It seems almost impossible to bypass the use of aluminosilicates when discussing about acidic 
materials. For this reason, in the 4th chapter the use of aluminosilicates with SBA-15 structure 
was envisaged. To extend the understanding of the co-activation mechanism, the solids were 
functionalized with MgO or imidazolium chloride. The idea was to verify the synergetic effect 
of Al centre with MgO compared to the synergetic effect of the unrestrained chloride from 
imidazolium salt.  
In the final chapter, a novel approach with organoboron was developed. The control of the 
acidity was met via the various substitution around the boron atom. This represents a library 
toward the tuning to the most suitable Lewis acidity. It is desirable to have a good activation 
of the epoxide but a too strong interaction blocking the intermediate must be avoided. The 
successful anchoring of the newly developed borane on silica surface as well as imidazolium 
salt opens the door to a wide field of possibility.  
In the whole thesis, various characterization techniques were employed to verify all the steps 
of synthesis as well as the interaction of the materials with the reactant. A particular attention 
is dedicated to the comprehension of the activation mechanism of the reactants by the co-
activator. The main interest of the heterogeneous catalysis is the reusability of the catalyst. 
Recyclability procedure and tests were set up to ensure this reusability. The robustness of the 
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Novel heterogeneous bi-functional catalysts bearing tin or zinc inserted as single sites within 
the silica architecture acting as acid centres and decorated with imidazolium moieties as 
nucleophile source were successfully synthesized. The materials were extensively 
characterized via various techniques including N2 physisorption, solid state nuclear magnetic 
resonance, X-ray photoelectron spectroscopy, transmission electron microscopy and 
adsorption microcalorimetry. The solids were tested as catalysts for the conversion of carbon 
dioxide, selecting the synthesis of styrene carbonate as target reaction. Both materials exhibited 
improved performances compared to the analogous solids functionalized with the sole 
imidazolium salt as well as to other materials reported in the literature. The Sn-based catalyst 
displayed excellent conversion also in presence of various epoxides. In all experiments the bi-
functional solid allowed reducing the reaction temperature below 150 °C. In presence of 
glycidol the temperature was decreased down to 30 °C. The short synthesis protocol of the 
heterogeneous catalysts, together with the 100 % atom economy of the target reaction and the 
low reaction temperature, make the entire process highly sustainable. Moreover, the Sn-based 
catalyst resulted stable under the selected reaction conditions and reusable in multiple catalytic 
cycles 
 
The results presented in this chapter have been published in: 
A. Comès, X. Collard, L. Fusaro, L. Atzori, M.G. Cutrufello, C. Aprile, Bi-functional 
heterogeneous catalysts for carbon dioxide conversion: enhanced performances at low 




In this first chapter, the design of two novel bi-functional heterogeneous catalysts is presented. 
These solids display both a metal centre (Zn or Sn) able to bring acid properties and the 
nucleophile required to promote the opening of the epoxide. The synthesis procedure involved 
the initial preparation of a porous support bearing the metal element inserted as single sites 
within the silica architecture followed by the grafting of an imidazolium salt. The solids were 
extensively characterized via various techniques including N2 physisorption, X-ray diffraction, 
13C and 29Si solid state nuclear magnetic resonance, transmission electron microscopy, 
combustion chemical analysis and inductively coupled plasma optical emission spectroscopy. 
The insertion of Sn and Zn as single sites within the silica structure was proved via solid state 
119Sn nuclear magnetic resonance and X-ray photoelectron spectroscopy respectively, while 
the acid properties of the solids were addressed via adsorption microcalorimetry. 
The materials were tested under solvent-free conditions in a batch reactor selecting the 
chemical fixation of CO2 into styrene oxide as target reaction. Both Sn- and Zn-based solids 
displayed improved performances compared to the analogous silica catalyst functionalized 
with the sole imidazolium salt as well as to other solids reported in the literature. The versatility 
of the Sn-based catalyst was also tested with a series of epoxides. In all experiments, the bi-
functional solid allowed decreasing the reaction temperature below 150 °C.  
Results and discussion  
The design of the bi-functional heterogeneous solids bearing both imidazolium-based catalysts 
and co-catalysts with acid properties was based on a two-step procedure. 
In a first step, mesoporous solid supports bearing Sn and Zn embedded as single site in the 
silica structure were successfully synthesized optimizing a previously described procedure.[16, 
17] The selected approach allows obtaining particles with reduced size (below 100 nm) with a 
short protocol requiring only 60 min synthesis time, at ambient temperature, using highly 
diluted NH3 as base to catalyse the hydrolysis-condensation reaction. These particular synthesis 
condition allowed to produce extra-small mesoporous silica particles. This range of size was 
initially selected because of the improved performances of the catalysts displaying a small 
particle dimension compared to the large particle analogues.[18] For the sake of comparison, a 
mesoporous all-silica solid (SiO2) with reduced size was synthesized as well. Transmission 
electron microscopy investigation confirmed that both Sn- and Zn-based solids (Sn-SiO2 and 
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Zn-SiO2) as well as metal-free silica display a narrow particle size distribution with a particle 
diameter comprised between 50 and 100 nm (Figure 1). 
 
Figure 1: TEM images of SiO2 (a), Sn-SiO2 (b) and Zn-SiO2 (c) 
The characteristic hexagonal organization of pores was confirmed via low-angle XRD 
measurements (Figure S1). All samples display the d100 signal at 2θ  2°, typical of MCM-41-
like architectures. As expected, the main d100 reflection was broader than the one observed for 
MCM-41 with standard dimensions and the additional d110 and d200 reflections were not clearly 
visible as a consequence of the reduced size with a consequent decrease of the long range 
order.[19] Analysis of the materials via nitrogen physisorption revealed a high specific surface 
area and a narrow pore size distribution centred at 2.2 nm (Table 1 and Figures 6 and S2).  
In view of the selected application, a key parameter is represented by the acidity of the solids, 
which was investigated by means of adsorption microcalorimetry. In Figure 2, the differential 
heat of adsorption, Qdiff, is reported as a function of the amount of NH3 adsorbed for both Sn-
SiO2 and Zn-SiO2 samples. For comparison, the analysis of SiO2 is reported as well. From this 
investigation emerged that the thermal effect associated with ammonia adsorption on Sn-SiO2 
and Zn-SiO2 is much higher than on metal-free SiO2, especially at low NH3 uptake values, 
indicating that both Sn- and Zn-based solids display acid properties significantly more 
pronounced than the all-silica sample. On both Sn-SiO2 and Zn-SiO2, Qdiff is initially higher 
than 200 kJ/mol, revealing the presence of strong acid sites, and then decreases as the ammonia 
uptake increases. The point at which the adsorption becomes non-specific can be established 
taking into account the results obtained on the pure silica sample, for which differential 
adsorption heat values as high as 67 kJ/mol are observed (Figure 2), in agreement with previous 
experiments on pure silica samples.[192-194] Accordingly, for the Sn- and Zn-based samples 
the fraction of ammonia uptake corresponding to differential heats below 70 kJ/mol was 
ascribed to non-specific and/or physical adsorption on the pure-silica part of the samples, and 
thus neglected in calculating the acid sites concentration which resulted 170 and 280 mol/g 




100 nm 100 nm
(c)
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The continuous decrease in the differential heat as the ammonia uptake increases on both 
samples indicates heterogeneity of the acid sites, which can be either Lewis (the Sn or Zn 
centres) or Brønsted sites (bridged OH groups made acidic by the proximity of the metal site). 
From the data of ammonia readsorption after overnight evacuation, it was possible to evaluate 
the differential heat at which the adsorption shifts from irreversible to reversible. It was found 
that the acid sites able to adsorb ammonia irreversibly are those characterized by Qdiff values 
higher than 90 kJ/mol, whose concentration is about 110 and 160 mol/g for Sn-SiO2 and Zn-
SiO2, respectively. From this study emerged that both materials display interesting acid 
properties in view of their possible application as active supports in the conversion of carbon 
dioxide.  














Amount of M 
(mmol/g)[b] 
SiO2 1090 2.1 1.24 / / 
SiO2-imi 239 0.8 0.58 1.46 / 
Sn-SiO2 1086 2.3 1.43 / not measured 
Sn-SiO2-imi 234 0.8 0.71 1.25-1.40 0.16 
Zn-SiO2 1125 2.2 1.37 / not measured 
Zn-SiO2-imi 298 0.8 0.60 1.30 - 1.37 0.10 
[a] Range of imidazolium salt determined via combustion chemical analysis on different 
batches. Amount estimated considering the nitrogen percentage. 
[b] Amount of metal (M: Sn or Zn) determined via inductively coupled plasma optical 
emission spectroscopy (ICP-OES). See experimental section for more details 
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Figure 2: Differential heat of adsorption (Qdiff) as a function of the NH3 uptake for Sn-SiO2; Zn-SiO2 
and SiO2 
The second step, requiring the functionalization of the surface with an imidazolium-based 
catalyst, was performed via a one-pot procedure reacting the previously described solids with 
an equivalent mixture of 3-chloropropyltrimethoxysilane and 1-methyl imidazole as depicted 
on Scheme 1. This procedure, compared with the standard two-step approach, presents the 
multiple advantages of a fast functionalization together with a limited number of separation 
and purification procedures as well as the absence of intermediate characterizations. The 
amount of organic moieties in the functionalized solids (SiO2-imi; Sn-SiO2-imi and Zn-SiO2-
imi) was quantified via combustion chemical analysis (Table 1) while the proof of the presence 
of imidazolium and not adsorbed imidazole species was obtained via solid state 13C-CP-MAS 
NMR (Figure 3).[195, 196] The anchoring of the trimethoxysilane-based linker to the silica 
surface was addressed via solid state 29Si NMR performed in cross polarisation.  
 
Scheme 1: One-pot functionalization of silica materials with imidazolium salt 






















Figure 3: 29Si and 13C-CP-MAS-NMR of SiO2-imi (a; d), Sn-SiO2-imi (b; e) and Zn-SiO2-imi  (c; f) 
The presence of a combination of T3 and T2 signals in the 29Si-CP-MAS-NMR (Figure 3) 
confirmed that organic moieties were anchored via a covalent bond and not physisorbed on the 
silica surface.  
A deep investigation on the insertion of Sn and Zn as single site within the silica scaffold was 
performed as well. Solid-state 119Sn-NMR under static conditions (Figure 4, left) revealed the 
presence a broad band centred at -680 ppm which can be attributed to Sn(IV) species in a 
tetrahedral coordination.[197-199] The absence of relevant contribution at higher frequencies 
(around -600 ppm) allows excluding the formation of a significant amount of SnO2 due to self-
condensation of the tin precursors in the reaction medium. The acquisition of solid 67Zn NMR 
data was hindered by the intrinsic difficulties of this nucleus. It is known that the low natural 
abundance of 67Zn together with its large quadrupole moment and the small gyromagnetic ratio 
represent a highly unfavourable combination of features for solid state nuclear magnetic 
resonance investigation.[200] Moreover, the low amount of Zn inserted in the samples (about 
2 wt%) reduces also the possibility of efficient use of advanced sensitivity-enhancement 
techniques or ultrahigh-magnetic-field NMR instruments for a deep investigation of the Zn 
coordination sphere. In order to overcome these drawbacks, X-ray photoelectron spectroscopy 
via analysis of the Auger transition (Figure 4, right) was used to study the insertion of Zn as 
single site in the MCM-41 solid. The Zn LMM Auger transition can be considered as an 
overlapping of two different contributions, the first one centred at 988.08 eV corresponds to 
extra-framework ZnO and the second one at 985.30 eV can be attributed to intra-framework 
Zn species.[17] This result indicates that in the case of Zn-SiO2-imi the metal centre is partially 
present (ca. 30 % of the total amount) in the form of ZnO extra-framework species.  





















Figure 4: Solid-state 119Sn NMR of Sn-SiO2 (left) and Zn LMM Auger transition of Zn-SiO2 (right) 
The structural and textural properties of the final materials (Sn-SiO2-imi and Zn-SiO2-imi) 
were investigated via transmission electron microscopy (TEM), X-ray diffraction (XRD) and 
nitrogen physisorption. TEM analysis of the samples (Figure 5) revealed that the post-
functionalization did not affect the morphology of the materials with aggregation or sintering 
phenomena. Both Sn-SiO2-imi and Zn-SiO2-imi display an almost spherical shape and a narrow 
particle size distribution similar to the non-functionalized samples. As expected, low angle 
XRD measurements performed on the imidazolium functionalized solids evidenced a pattern 
similar to the one already observed for Sn-SiO2 and Zn-SiO2 (Figure S1) confirming that the 
hexagonal order was preserved during the reaction. As expected, nitrogen physisorption 
analysis (Figure 6) clearly indicated a decrease of the Brunauer-Emmet-Teller (BET) specific 
surface area as well as of the pore diameter (psd). Due to the shift of the pore size distribution 
in the microporous region two different methods were applied for the analysis of the data. The 
standard Barrett-Joyner-Halenda (BJH) was selected to estimate the psd of the non-
functionalized solids while the micropore size was evaluated using the method proposed by 
Horwath and Kawazoe (Figure S2).[201, 202]  
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Figure 5: TEM images of Sn-SiO2-imi (a) and Zn-SiO2-imi (b) 
 
Figure 6: N2 adsorption-desorption isotherm of SiO2; Sn-SiO2 and Zn-SiO2 and their corresponding 
imidazolium-functionalized homologues. 
The variation of the pore diameter suggests that the anchoring of the imidazolium moieties 
occurs not only at the external surface of the particles but also within the pores. It is important 
to underline that the reduced pore size does not represent a serious drawback in view of the 
application of these solids in the conversion of carbon dioxide because of the small size of the 
reactants. As can be seen in Figure 6 all the materials display a type IV isotherm with an evident 
hysteresis loop at high relative pressures. This behaviour was previously observed for the 
materials exhibiting an extra-small size [16, 18] and can be ascribed to the presence of 
disordered meso-macro pores as a consequence of the inter-particle interactions. A 
condensation between particles can even be claimed considering the high temperature 
treatment performed to remove the surfactant leading to this unordered porosity. Both Sn-SiO2-
imi and Zn-SiO2-imi display promising properties for catalytic applications such as high 
surface area, relevant amount of metal element inserted as single site which provide the desired 
acidity and good percentage of imidazolium functionalization. Hence, both solids were tested 
in the reaction of carbon dioxide with epoxides to give the corresponding cyclic carbonates.  
A challenging substrate as styrene oxide was selected to evaluate the activity of the catalysts 
and the reaction temperature was decreased to 125 °C compared to the standard value (usually 












































































































activity of the all-silica MCM-41 solid functionalized with imidazolium moiety (SiO2-imi) was 
studied as well (see entry 1 in Table 2). Moreover, before starting the investigation in the 
presence of the bi-functional catalysts an additional catalytic test adding a small amount of 
ZnCl2 (corresponding approximatively to the quantity inserted in the silica framework) to the 
reaction mixture was performed in order to evaluate the positive contribution of a salt with 
Lewis acid properties under homogeneous conditions. In order to allow a meaningful 
comparison among the solids, as well as with reference catalysts reported in the literature, two 
different turnover numbers (TON) were calculated. This choice is justified by the presence of 
two different catalytic active species behaving as catalyst (imidazolium moieties) and co-
catalysts (metal inserted as single site) both displaying a synergic role in the reaction. The TON 
considering the catalyst (TONimi) was defined as moles of epoxide converted/moles of 
imidazolium salt while the TON based on the co-catalyst (TONM) was defined as moles of 
epoxide converted/moles of Sn or Zn. 
As expected, the presence of ZnCl2 caused an improvement of the catalytic performances of 
the SiO2-imi solid from 54 % to 63 % conversion (compare entries 1 and 2 in table 2). 
Interestingly in the presence of Sn-SiO2-imi similar performances compared to the 
homogeneous Lewis acid catalyst were obtained. The activity of the Sn-SiO2-imi solid was 
preserved after decreasing the amount of catalyst (table 2, entries 3 and 4). The slightly increase 
of TONimi obtained under the conditions reported in entry 4 could be attributed to a better 
dispersion of the solid in the reaction mixture. Zn-SiO2-imi catalyst allowed achieving similar 
conversion (compare entries 4 and 5 in table 2), thus further proving the positive influence of 
the insertion of single sites within the silica structure.  
All the previously described experiments were performed under the same reaction conditions, 
hence in presence of a small amount (1.5 mL) of ethanol needed to solubilize the ZnCl2 added 
in the initial test. However, since it is known that the presence of hydroxyl groups in the 
reaction mixture may also facilitate the opening of the epoxide via formation of hydrogen 
bonds, analogous experiments in the absence of alcohol were performed as well.  
No relevant differences were observed for both Sn-SiO2-imi and Zn-SiO2-imi catalysts 
(compare entries 4 with 6 and 5 with 7), thus proving that the small amount of ethanol was not 
the main responsible of the increased activity and further confirming the positive active role of 
the Sn-SiO2 and Zn-SiO2 supports. 
The better performances of Zn-SiO2-imi in terms of TONM could be attributed to the higher 
acidity of the support.  
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The versatility of the catalysts was checked selecting the most challenging (slightly less 
performant) Sn-SiO2-imi solid. The data concerning the activity of the Sn-based material in the 
presence of various epoxides are reported in Table 3. From this investigation emerged that the 
Sn-SiO2-imi displays excellent performances in the presence of various epoxides including the 
extremely low reactive cyclohexene oxide (Entries 1-2). Moreover, in the presence of 
epichlorohydrin and glycidol excellent performances were achieved at the challenging 
temperatures of 80 °C and 60 °C respectively (Entries 7 and 9). All these results confirm the 
positive synergic effect of the catalyst and co-catalyst as well as the great influence of the 
working temperature.  
Table 2: Conversion of styrene oxide into the corresponding cyclic carbonate with use of 
different catalysts 
 











1 SiO2-imi 1 1.5 54 >95 78 - 
2 SiO2-imi 
[c] 1 1.5 63 >95 91 901 
3 Sn-SiO2-imi 1 1.5 60 >95 94 774 
4 Sn-SiO2-imi 0.5 1.5 37 >95 116 948 
5 Zn-SiO2-imi 0.5 1.5 39 >95 127 1489 
6 Sn-SiO2-imi 0.5 - 32 >95 96  826 
7 Zn-SiO2-imi 0.5 - 32 >95 98  1343 
Reaction conditions: styrene oxide (24.0 mL; 210 mmol), CO2 pressure (40 bar), temperature 
(125 °C), 500 rpm, 3 h 
[a] Turnover number (TON) calculated as moles of epoxide converted/moles of imidazolium 
sites. Amount of imidazolium salt quantified via combustion chemical analysis for each 
catalyst 
[b] Turnover number (TON) calculated as moles of epoxide converted/moles of Sn or Zn. 
Amount of metal (Sn or Zn) quantified via inductively coupled plasma optical emission 
spectroscopy (ICP-OES) for each catalyst 
[c] Reaction performed in presence of ZnCl2 (20 mg, 0.147 mmol) 
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To challenge even more the Sn-SiO2-imi, a test with glycidol at 30 °C (entry 10) was performed 
as well. Also under these conditions, the catalyst showed a good TONimi, higher than other bi-
functional catalysts reported in the literature employed under homogeneous[130] (TONimi of 
26) or heterogeneous conditions in the presence of the same epoxide. 
In the recent literature, many efforts were dedicated to the decrease of the working temperature 
and/or pressure (e.g. using MOF). However, this goal is usually achieved employing 
imidazolium or more often ammonium salts in homogeneous phase.[146, 204-208] It should 
be mentioned that a direct comparison with the literature is hampered by the huge differences 
in the reaction conditions employed for the synthesis of cyclic carbonates including presence 
Table 3: Conversion of various epoxides into corresponding cyclic carbonates with use of 
Sn-SiO2-imi as catalyst 
 








1[b] Cyclohexene oxide 150 26 >95 90 
2[b] Cyclohexene oxide 125 5 >95 17 
3 Styrene oxide 125 32 >95 96 
4 Propylene oxide 125 41 >95 196 
5 Epichlorhydrin 125 53 >95 233 
6 Epichlorhydrin 100 40 >95 185 
7 Epichlorhydrin 80 16 >95 78 
8 Glycidol 80 63 >95 334 
9 Glycidol 60 35 >95 179 
10[c] Glycidol 30 11 >95 32 
Reaction conditions: epoxide (24.0 mL), catalyst (500 mg), CO2 pressure (40 bar), 500 rpm, 
3 h 
[a] Turnover number (TONimi) calculated as moles of epoxides converted/moles of 
imidazolium active sites. Amount of imidazolium salts quantified via combustion chemical 
analysis for each catalyst (not all the catalyst used comes from the same preparation) 
[b] Reaction performed for 24 h 
[c] Reaction performed for 6 h with 1 g of catalyst 
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of solvent, substrate to catalyst molar ratio, nature of nucleophile, use of co-catalyst, 
temperature, pressure and reaction time. These difficulties can be partially reduced if the 
catalysts are compared in terms of turnover number or turnover frequency (TOF defined as 
TON/time). Our solids display better TONimi than some of the most active catalysts previously 
reported in the literature and used in the absence of co-catalyst. Moreover, they also display 
excellent TONM or TOFM if compared with other bi-functional heterogeneous catalysts. One 
of the best comparison can be probably done with similar silica-based porous materials 
embedding titanium as single site[209] and tested in the presence of  styrene oxide at 120 °C 
under solvent free conditions displayed TONM much lower than the ones achieved with both 
Sn-SiO2-imi and Zn-SiO2-imi. Other metal-free catalysts containing only imidazolium-based 
species can be also selected for comparison to evidence the importance of the co-catalysts. One 
of the most active silica-supported imidazolium salts displayed a TONImi of 88 in presence of 
styrene oxide and under conditions similar to those used for the present work. However, it 
deserve to be mentioned that  the counter-anion/nucleophile used was the more active 
iodide.[47] 
Still considering the synthesis of styrene carbonate, similar TON (e.g. 101 and 106) were 
achieved with other structured supports such as carbon nanohorns but these catalysts required 
higher temperature (150 °C).[174] 
When working under heterogeneous conditions, the excellent catalytic performances of a solid 
are not the only parameter to be considered, the true heterogeneous nature of the catalyst should 
be also evaluated. In order to exclude the possible leaching of active species in solution and 
confirm the stability of catalyst under the selected reactions conditions, recycle experiments 
were performed (Figure 7). After each cycle, the Sn-SiO2-imi catalyst was recovered from the 
reaction mixture by centrifugation, washed and reused (see experimental section for more 
details) without any additional activation treatment. The data reported in Figure 7 evidence that 
the catalyst can be used in multiple cycles without any decrease in the catalytic performances. 
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Figure 7: Catalytic performance of Sn-SiO2-imi in subsequent reaction cycles 
Conclusions 
Two bi-functional silica-based materials bearing tin or zinc inserted as single sites within the 
silica architecture acting as acid centres and decorated with imidazolium moieties as 
nucleophile source (Sn-SiO2-imi and Sn-SiO2-imi) were successfully synthesized. The solids 
display promising features for catalytic applications including high surface area, reduced 
particle size, good amount of imidazolium salts and acid properties estimated via 
microcalorimetry analysis. Both Sn-SiO2-imi and Sn-SiO2-imi were used as catalyst for the 
chemical fixation of carbon dioxide onto epoxides to give the corresponding cyclic carbonates, 
displaying excellent performances. The versatility of the Sn-based catalyst was proved in the 
presence of various epoxides. In all experiments, the bi-functional solids allow reducing the 
reaction temperature below 150 °C. Moreover, with glycidol the temperature was decreased 
down to 30 °C. The short synthesis protocol of the heterogeneous catalysts, together with the 
100 % atom economy of the target reaction and the low reaction temperature make the entire 
process highly sustainable. Sn-SiO2-imi catalyst resulted stable under the selected reaction 
conditions and reusable in multiple catalytic cycles. All these features stand as a basement for 




Materials and methods 
Ammonium hydroxide (30 %) was purchased from Carl Roth. Cetylmethylammonium bromide 
(CTAB), tetraethylorthosilicate (TEOS), N-methylimidazole, (3-
chloropropyl)trimethoxysilane, styrene oxide, epichlorohydrin, cyclohexene oxide, propylene 
oxide were purchased from TCI. SnCl4∙5H2O, Zn(NO3)2∙6H2O, glycidol were purchased from 
Sigma-Aldrich. All chemicals were used as received without any further purification.  
A Tian-Calvet heat flow calorimeter (Setaram) equipped with a volumetric vacuum line was 
used for microcalorimetric measurements. Each sample was pre-treated overnight at 250 °C 
under vacuum (10-3 Pa). Ammonia adsorption was carried out at 80 °C by admitting successive 
doses of the probe gas and recording the corresponding thermal effect. The run was stopped at 
a final pressure of 133.3 Pa. After overnight outgassing at 80 °C, a second adsorption run was 
carried out.  
General procedure for the synthesis of SiO2; Sn-SiO2 
and Zn-SiO2 solids.  
Silica based materials were prepared according a dilute route.[17] Ammonium hydroxide (1.42 
mL, 10.95 mmol) and CTAB (1.52 g, 4.16 mmol) were added to 726 mL of milli-Q water. 
After 30 minutes under agitation, TEOS (6.936 g, 33.29 mmol) and the proper amount of 
SnCl4∙5H2O (157.6 mg, 0.45 mmol) or Zn(NO3)2∙6H2O (133.9 mg, 0.450 mmol) previously 
dissolved in 2 mL of absolute ethanol were added dropwise in the aqueous solution. After 1 h 
under agitation at room temperature, the solid was filtered and washed 3 times alternatively 
with water and ethanol. The solid was dried overnight and calcined under air for 8 h at 550 °C 
with heating and cooling rate of 2 °C/min.  
Synthesis of SiO2-imi; Sn-SiO2-imi and Zn-SiO2-imi 
The SiO2; Sn-SiO2 or Zn-SiO2 solids were dried in oven at 100 °C overnight before 
functionalization. In a round bottom flask, the solid (1.5 g) was suspended in 15 mL of dry 
toluene. N-methylimidazole (24 mmol) and (3-chloropropyl)trimethoxysilane (12 mmol) were 
added. The mixture was stirred at reflux temperature for 24 h. After cooling, the functionalised 
solid was washed with Soxhlet extractor using methanol as solvent. The amount of 




Figure S1: Small angle XRD pattern of SiO2; SiO2-imi; Sn-SiO2; Sn-SiO2-imi; Zn-SiO2 and 
Zn-SiO2-imi 
 
Figure S2: Pore size distribution of SiO2; Sn-SiO2 and Zn-SiO2 determined by BJH method 
and SiO2-imi; Sn-SiO2-imi and Zn-SiO2-imi determined by HK method. 
  
























































































































































































Multifunctional heterogeneous catalysts 
highly performing in the conversion of 







A series of novel multi-functional heterogeneous catalysts was efficiently synthesized. 
Spherical silica nanoparticles embedding Sn as single site (Sn-SiO2) were prepared via a 
straightforward and time-saving procedure. The silica surface was selectively decorated with 
two different imidazolium-based moieties bearing primary or secondary alcohols in order to 
investigate if the presence of two co-catalysts (Lewis acid site and alcohol functionality) may 
induce a synergic activation improving the overall catalytic performances. The solids were 
fully characterized through 119Sn, 29Si and 13C solid state NMR as well as via N2 physisorption, 
transmission electron microscopy, ICP-OES and combustion chemical analysis. FT-IR of CO2 
adsorption was employed to obtain some mechanistic insights on the interactions between CO2 
and the surface of the novel solids. All the synthesized catalysts were compared selecting the 
challenging CO2 fixation on either cyclohexene oxide or styrene oxide to produce the 
corresponding cyclic carbonates. The best solids display excellent catalytic performances 
outcompeting with other totally heterogeneous catalysts previously reported in the literature. 
Finally, the true heterogeneous nature of the catalyst was proved in consecutive catalytic 
cycles. The characterization of the material after reuses allowed confirming the stability of the 
solid under the selected reaction conditions. 
 
The results presented in this chapter have been published in: 
A. Comès, S. Fiorilli, C. Aprile, Multifunctional heterogeneous catalysts highly performing in 






In the previous chapter, the synthesis of a bi-functional solid was reported. The insertion of 
both Zn and Sn in the silica framework brought the Lewis acidity, useful for the conversion of 
CO2. The materials were post-functionalized with an imidazolium chloride and demonstrated 
an enhanced activity compared to the metal-free mesoporous silica. Herein, a different 
approach was selected. The best catalyst (identified in the previous chapter) was employed as 
support and the solid was functionalized with two different imidazolium-based moieties 
bearing primary or secondary alcohols instead of the previously employed N-
methylimidazolium. The idea was to investigate the activation by an alcohol as H-bond donor 
in addition to the one of the Sn as Lewis acid.  
To the best of our knowledge there are very few reports in which the use of a tri-functional 
heterogeneous catalysts (catalysts plus both Lewis acid and alcohol moieties as co-catalyst) is 
envisaged. This lack of examples of tri-functional catalytic systems can be justified by the 
generally accepted reaction mechanism. According to this mechanism, the interest of having 
alcohols or Lewis acid site is related to the easier opening of the 3-member ring, hence the 
double presence of both co-catalysts should be redundant.  
However, the activation of CO2 should be also considered. It is known,[140] that the oxygen 
atoms of this small molecule display a Lewis base character and can coordinate to Lewis acid 
sites such as metal centres (e.g. Zn, Ni), leading to a more electrophilic carbon atom. This 
coordination has been proved on various metal centres and complexes and the resulting 
enhanced electrophilicity was demonstrated by 13C-NMR and IR measurements.[140, 141]  
Here we present for the first time the synthesis of a tri-functional heterogeneous catalyst 
bearing imidazolium salts decorated with alcohol functionalities anchored on a porous support 
embedding Sn as single site to play the role of acid centre. The materials were fully 
characterized via different techniques including N2 physisorption, 
13C and 29Si NMR, 
transmission electron microscopy. FT-IR of CO2 adsorption was employed to obtain some 
mechanistic insights on the interactions between CO2 and the surface of the novel 
heterogeneous catalysts. The possible synergistic activation of the two co-catalysts was 
investigated. The best solid displayed excellent catalytic performances, better than the analogue 
bi-functional solids as well as than other reference catalysts reported in the literature. 
Furthermore, this fully heterogeneous material was reused in several catalytic cycles thus 
confirming its stability under the selected reaction conditions. 
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Results and Discussion 
Spherical silica nanoparticles embedding Sn as single site (Sn-SiO2) were prepared via a 
straightforward and time-saving procedure previously reported by our research group.[16, 19] 
Herein, the silica surface was selectively decorated with two different imidazolium-based 
moieties bearing primary or secondary alcohols in order to investigate if the presence of two 
co-catalysts (Lewis acid site and alcohol functionality) may induce a synergistic activation 
enhancing the overall catalytic performances.  
A first series of materials, depicted in Scheme 1 (Method A), was successfully prepared 
reacting the surface of Sn-SiO2 with 3-chloropropyltrimethoxysilane followed by the 
nucleophilic substitution of the selected imidazole derivative on the terminal carbon of the 
alkyl chain.[210] Two imidazolium-based solids, bearing primary or secondary alcohols 
(respectively labelled as Sn-A-imi(I)-Cl and Sn-A-imi(II)-Cl) were obtained. A post-synthesis 
metathesis allowed preparing the analogous Br- and I- derivatives. For the sake of comparison, 
a set of materials without Sn inserted in the silica matrix was synthesized as well and labelled 
as SiO2-A-imi(I)-Cl and SiO2-A-imi(II)-Cl.  
A second series of solids, depicted in Scheme 1 (Method B), was prepared employing an 
alternative method to generate the catalysts bearing an imidazolium unit functionalized with a 
secondary alcohol (Sn-B-imi(II)-Cl). In this procedure, the surface of the porous solid was 
functionalized via reaction with 3-aminopropyltriethoxysilane. Hence, the imidazole moiety 
was synthesized in situ through the Debus-Radziszewski reaction.[211-213] Finally, the ring 
opening of propylene oxide, followed by acidic treatment allowed generating the final Sn-B-
imi(II)-Cl material.[214] The advantage of this approach stands in the possible generation of 
a library of imidazolium-based solids employing Sn-B-imidazole as a key intermediate, 
avoiding the prior synthesis and purification of the desired imidazole derivative and a time-
consuming quaternization on the 3-chloropropyl moiety. Moreover, the analogous materials 
bearing bromide or iodide as counterion were prepared simply varying the acid used in the last 
step, avoiding the final anion exchange step, like in Method A, or the initial use of the 50 times 
more expensive 3-bromopropyltrimethoxysilane or 3-iodopropyltrimethoxysilane.  
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Scheme 1: Multi-step functionalization of silica matrices using two different methods. X- = Cl-, Br-, I- 
All the materials were deeply characterised through various techniques including solid-state 
119Sn NMR, 13C-CPMAS-NMR, N2 physisorption, transmission electron microscopy, FT-IR 
spectroscopy. 13C NMR spectra (Figures 1 and S1-2) exhibited the two characteristic peaks at 
122 and 137 ppm corresponding to the aromatic carbon of the imidazolium ring together with 
the signals in the aliphatic region corresponding to the carbon atoms of the linker as well as of 
the imidazolium modified alkyl chain. The 13C NMR spectra of the intermediate solids (Sn-A-
Cl; Sn-B-NH2 and Sn-B-imidazole) together with the final materials bearing Br- and I- as 
counterions are reported in Supporting Information (Figures S1-2). It worth to note the three 
clearly distinguishable peaks in the aromatic region of Sn-B-imidazole. The anchoring of the 
organic moiety on the silica surface was verified via solid-state 29Si-CPMAS-NMR 
experiments. The presence of two signals (Figures 2 and S3) at -65 and -58 ppm which can be 
ascribed respectively to -CH2-Si(OSi)3 (T
3) and -CH2-Si(OSi)2(OH) (T
2) species allowed 










Figure 1: 13C-CP-MAS-NMR spectra of the materials 
 
Figure 2: 29Si-CP-MAS-NMR spectra of the materials 
The loading of imidazolium salt was quantified via combustion chemical analysis while the 
amount of Sn inserted in the structure (Table 1) was determined via Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES).  
















Figure 3: 119Sn solid state NMR spectra. Vertical guideline centred at -700 ppm 
119Sn-NMR spectroscopy under static conditions revealed the presence of one band centred at 
-680 ppm thus confirming the insertion of Sn as single site (Figure 3). However, due to the 
broad nature of the signal, the presence of traces of extra-framework SnO2 species (centred at 
-600 ppm) cannot be completely excluded. It is known that the isomorphic substitution of Si 
with Sn in the SiO2 architecture will provide the Lewis acidity needed to co-activate the 
conversion of carbon dioxide.[19, 25, 197, 210] However, in order to investigate the presence 
of a possible synergic co-activation of CO2 molecules on Sn centres at the surface, an in-depth 
FT-IR investigation on selected samples was performed. Three solids, Sn-SiO2, SiO2-A-
imi(II)-Cl and SiO2-A-imi(I)-Cl, were selected to understand and discriminate the possible 
different contributions coming from the interaction occurring between CO2 and the surface 
sites. Figure 4a shows the difference spectra of CO2 dosages on Sn-SiO2. As widely reported 
in the literature,[215] the main component at 2344 cm-1 can be easily ascribed to the CO2 
molecules interacting with Si-OH groups at the amorphous silica surface. The band for lower 
coverage (i.e. pink curve) is slightly asymmetric, showing a shoulder at higher frequency. This 
component (at around 2350 cm-1) was tentatively ascribed to the molecule probing sites with 
slightly higher acidity compared to silanols species, i.e. OH groups interacting with intra-
framework Sn sites.  











The difference spectra of CO2 on SiO2-A-imi(II)-Cl (Figure 4b) displays a main component at 
lower frequency (2339 cm-1) compared with that reported for Sn-SiO2 and even lower than that 
reported for the molecule interacting with silicalite surface (2341 cm-1). The observed 
component can be ascribed to physisorbed CO2, unspecifically interacting with a solid surface. 
More in detail, the signal could be assigned to CO2 molecules adsorbed within the silica 
mesopores, whose size are expected to be reduced as consequence of the functionalization, and 
slightly perturbed by the electrostatic interactions with pore walls. The absorption band results 
slightly asymmetric for low CO2 coverage, most likely due to a component of weak intensity 
at around 2344-2345 cm-1, due to molecules probing residual OH species. On the contrary, no 
component at higher frequency is discerned, which further supports the previous assignation 
since for the SiO2-A-imi(II)-Cl solid (without Sn), no Lewis acidity is expected. SiO2-A-
imi(I)-Cl shows (Figure 4c) a very similar spectrum characterized by a main component at 
2339 cm-1 due to physisorbed CO2, unspecifically interacting with the surface as well as by the 
absence of additional bands at higher frequencies. The component at 2344 cm-1 displays in this 
case a slightly higher intensity compared to the previous spectrum, which could result from the 
higher accessibility of the surface hydroxyl groups as consequence of the lower steric hindrance 
of the imidazolium functionalities or, in alternative, to a slightly lower degree of surface 
functionalization.  
 
Figure 4: Difference FT-IR spectra of CO2 dosages on a)Sn-SiO2; b)SiO2-A-imi(II)-Cl and c)SiO2-A-
imi(I)-Cl 
The spectroscopic characterization clearly highlighted that CO2 is able to interact with the 
surface Sn centres acting as Lewis acid sites. However, in order to understand if this interaction 
could also occur on the tri-functional catalysts, FT-IR spectra of CO2 adsorbed on Sn-A-
imi(II)-Cl was performed as well and the related difference spectra are reported in Figure 5. 
The component at around 2352 cm-1 can be tentatively ascribed to linear adduct of CO2 linearly 
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coordinated to Lewis acidic sites.[216] This value is higher than the values generally ascribed 
to CO2 interacting with Brönsted sites,[217] also for bridged OH of protonic zeolites (2344-
2345 cm-1), therefore it is reasonable that it arises from the interaction of the molecule with 
unsaturated Sn sites, which upon imidazolium functionalization and consequent consumption 
of surface OH groups, result more exposed and thus prone to react compared to 
unfunctionalized Sn-SiO2 sample.  
 
 
Figure 5: Difference FT-IR spectra of CO2 dosages on Sn-A-imi(II)-Cl (a) and schematic 
representation of CO2 interacting with Sn (b) 



























Relevant parameters in heterogeneous catalysis are represented by the specific surface area and 
pore size distribution. The textural properties of the solids were investigated via nitrogen 
physisorption analysis. All materials displayed an elevated surface area (Table 1) and a type 
IV isotherm, typical of MCM-41-like systems with a hysteresis loop at high relative pressure 
(Figures 6 and S4-5). This behaviour can be ascribed to the disordered meso-macroporous 
network formed as consequence of the inter-particles aggregation due to the extra-small size 
of the particle.[16, 18] The determination of the pore size distribution in the functionalized 
solids required particular attention. The Barrett, Joyner and Halenda (BJH) method, usually 
employed for the evaluation of the mesopores dimensions, failed in our case most probably 
because, after functionalization, the pore diameter decreased entering in the region of the 
micropores or at the boundary between meso- and micropores. In literature, the Horvath-
Kawazoe (HK) approach is often proposed as alternative method to estimate the pore size 
distribution (psd) of microporous carbon and other microporous solids.[218] However, its use 
Table 1: Textural and structural properties of the synthesized materials 
Material 
Amount of 
imidazolium a  
(mmol/g) 







distribution c  
(nm) 
SiO2-A-imi(I)-Cl 0.917 - 353 ± 4 2.0 
Sn-A-imi(I)-Cl 0.655 0.140 544 ± 3 2.4 
SiO2-A-imi(II)-Cl 0.946 - 356 ± 4 2.2 
Sn-A-imi(II)-Cl 0.787 - 0.858 0.126 480 ± 4 2.4 
Sn-A-imi(II)-Br 0.689 0.153 479 ± 3 2.5 
Sn-A-imi(II)-I 0.635 0.147 447 ± 4 2.3 
Sn-B-imi(II)-Cl 1.02 0.124 467 ± 4 2.4 
Sn-B-imi(II)-Br 0.923 0.156 327 ± 4 2.3 
Sn-B-imi(II)-I 0.842 0.136 375 ± 5 2.4 
a Range of imidazolium salt determined via combustion chemical analysis. Amount 
estimated considering the nitrogen percentage. b Amount of Sn determined via inductively 
coupled plasma optical emission spectroscopy (ICP-OES). c Pore size distribution 
calculated using DFT method, cylinder geometry, model N2 – cylindrical pores – oxide 
surface – regularization 0.10 – version 2 deconvolution. See Experimental section for more 
details. 
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is sometimes questioned when applied to ordered materials as zeolites and MOF.[219] 
Recently, mathematical modelling using a density functional theory (DFT) started to be widely 
employed since it represents the only method enabling the evaluation of both micro- and 
mesoporosity.[219-221] Hence, a DFT analysis was applied to all the imidazolium-based solids 
and, for the sake of comparison, to the non-functionalized analogues (Figures 6 and S4-5). As 
expected, the functionalization with organic moieties caused a clear decrease of the psd.  
  
Figure 6: N2 physisorption isotherms (top) and pore size distribution (down) of Sn-A-imi(I)-Cl; Sn-A-
imi(II)-Cl and Sn-B-imi(II)-Cl 
This finding also confirms the possible confinement effect of CO2 molecules within the pores 
as observed during the FT-IR measurements (band at 2339 cm-1). 
The extra small size of the particles was also confirmed via transmission electron microscopy 
(TEM) measurements (Figures 7 and S6). All the particles display an almost spherical shape 
and a particle size distribution below 100 nm. As expected, the functionalization with the 
organic moieties did not alter the morphology of the particles. 
 
Figure 7: TEM images of Sn-A-imi(I)-Cl ; Sn-A-imi(II)-Cl and Sn-B-imi(II)-Cl 
All the solids exhibited the expected structure as well as interesting textural features for 
catalytic applications. Hence, they were tested in the conversion of CO2 selecting the 





















































































































































































challenging cyclohexene oxide (Table 2) as initial benchmark. In order to allow a meaningful 
comparison, the activity of the solids was compared in terms of turnover number (TON, here 
defined as moles of epoxide converted/moles of imidazolium salt). Under the selected 
conditions (Table 2) Sn-A-imi(I)-Cl displayed higher TON than its Sn-free homologue SiO2-
A-imi(I)-Cl (compare Entries 1 and 2) as well as of the tin silicate decorated with 
methylimizazolium moieties Sn-A-imi-Cl (Entry 3) thus demonstrating the positive influence 
of the presence of both the Lewis acidity and alcohol functionalities.  
To further support this statement an additional experiment was performed (Entry 4) employing 
Sn-A-imi-Cl and the equimolar amount (respect to the imidazolium) of ethanol. The slightly 
improved TON obtained in this case compared to the one achieved using Sn-A-imi(I)-Cl 
catalyst can be attributed to the presence of ethanol under homogenous conditions. The 
comparison between the catalysts Sn-A-imi(II)-Cl and SiO2-A-imi(II)-Cl (Entries 5-6) allows 
confirming further the synergy activation due to the presence of two co-catalysts. Based on the 
previous IR investigation we may envisage a mechanism in which CO2 molecules could be 
activated by the Sn centres while the epoxides would interact either with Sn (via Lewis acid-
base interaction) or with the OH groups (via H-bond formation) at the imidazolium moieties.  
Moreover, the catalytic tests demonstrated the higher efficiency of the materials containing 
secondary alcohols.[145] The better performances in terms of TON of Sn-A-imi(II)-Cl 
compared with Sn-A-imi(I)-Cl, despite the slightly higher surface area of the latter, could be 
ascribed to the easier interaction of the primary alcohol with the more accessible silanols 
presents at the silica surface. This “intra-molecular” interaction would render the primary 
alcohol less available to react with the epoxides. The material synthesized following the 
method B was tested as well (Entry 7). Surprisingly, the Sn-B-imi(II)-Cl showed lower 
conversion and TON than the analogous materials prepared through method A (compare 
Entries 5 and 7). The decreased catalytic performances could arise from a non-complete 
functionalization through the Debus-Radziszewski reaction. A careful look at the 13C-CPMAS-
NMR (Figure 1) reveals the presence of a minor contribution at 45 ppm which can be due to 
the presence of unreacted aminopropyl functionalities.  
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The solid displaying the best performances was selected to challenge the true heterogeneous 
nature of the catalyst. Styrene oxide was employed to test the recyclability of the Sn-A-imi(II)-
Cl catalyst (Figure 8). The reaction was performed at 125 °C. After each cycle, the solid was 
recovered from the reaction mixture by centrifugation, washed and reused. A slight decrease 
of the activity with the cycles followed by a stabilization was observed. However, an additional 
washing procedure in presence of 50 mL ethanol acidified with 1 mL fuming HCl solution after 
the fourth cycle allows restoring completely the catalytic activity. The characterisation of the 
solid after reuse was performed as well thus confirming the stability of the catalyst under the 
selected conditions (Figures S7-10). 
Table 2: Conversion of cyclohexene oxide into the corresponding cyclic carbonate with use 








1 Sn-A-imi(I)-Cl 21 >95 155 
2 SiO2-A-imi-(I)-Cl 19 >95 98 
3 Sn-A-imi-Cl 26 >95 90 
4 Sn-A-imi-Cl c 39 >95 174 
5 Sn-A-imi(II)-Cl 36 >95 197 
6 SiO2-A-imi(II)-Cl 33 >95 155 
7 Sn-B-imi(II)-Cl 27 >95 128 
a Reaction conditions: Cyclohexene oxide (24.0 mL; 237 mmol), mass of catalyst (500 mg), 
CO2 initial pressure (25 bar), temperature (150 °C), time (24 h), 500 rpm. 
b Turnover number 
(TON) calculated as moles of epoxide converted/moles of imidazolium sites. Amount of 
imidazolium salt quantified via combustion chemical analysis for each catalyst. c Reaction 
performed in presence of 1 equivalent of EtOH (30.8 µL, 0.527 mmol) 
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Figure 8: Catalytic performance of Sn-A-imi(II)-Cl in subsequent reaction cycles  
It is well known that the counterion of the imidazolium salt is of primary importance[222, 223] 
since it is the active catalyst opening the 3-membered ring epoxide via nucleophilic substitution 
(SN2) as well as the leaving group enabling the formation of 5-membered cyclic carbonate.[47, 
132, 224] An anion exchange was performed on Sn-A-imi(II)-Cl using an aqueous solution of 
KBr or KI to generate respectively Sn-A-imi(II)-Br and Sn-A-imi(II)-I. Catalytic tests over 
styrene oxide (Table 3) demonstrated that enhanced TON can be easily achieved just selecting 
the appropriate counterion (compare Entries 1-3 in Table 3). Analogous experiments performed 
in presence of the materials obtained via the method B (Entries 4-6), confirmed the improved 
performance of the I- containing solids and proved that in presence of more reactive 
nucleophiles the difference between the catalysts prepared employing the method A or B is less 
evident. Despite the lower activity of the catalysts prepared via the method B, this strategy 
remains attractive for the easy preparation of a library of imidazolium-based. The enhanced 
efficiency related to the counterion is also evidenced by a monitoring of the CO2 consumption 
over time presented in Figure 9. To challenge even more our catalyst, additional catalytic tests 
at the temperature of 80 °C and 50 °C and in presence of epichlorohydrin and glycidol 
respectively were performed as well. From the table (Entries 7 and 8) emerged that Sn-A-
imi(II)-Cl displays excellent catalytic performances also at low temperature evidenced by 
TON up to 247. A further test (Entry 9) at a lower pressure (10 bar) clearly shows that the 













decrease (compare Entries 8 and 9). This catalytic test highlights the excellent activity of the 
solid and indicates that milder reaction conditions can be employed without detrimental effect 
of the overall activity. It deserves to be mentioned that for these last catalytic essays the 
catalysts bearing the chloride as couterion was selected to challenge even more our catalytic 
system. Moreover, since in literature the TON values are often calculated considering the Lewis 
acid catalyst an additional series of turnover numbers (TONM defined as moles of epoxide 
converted/moles of Sn) was also included in the table. As can be clearly seen in the table, our 
solids display outstanding TONM, close to 2000 when I
- was used as counterion.  
 
Table 3: Conversion of epoxide into the corresponding cyclic carbonate with use of different 
catalysts a 
 







TON b TONM 
c 
1 Sn-A-imi(II)-Cl Styrene oxide 125 22 >95 108 735 
2 Sn-A-imi(II)-Br Styrene oxide 125 36 >95 214 991 
3 Sn-A-imi(II)-I Styrene oxide 125 69 >95 449 1976 
4 Sn-B-imi(II)-Cl Styrene oxide 125 10 >95 40 340 
5 Sn-B-imi(II)-Br Styrene oxide 125 40 >95 182 1080 
6 Sn-B-imi(II)-I Styrene oxide 125 63 >95 314 1950 
7 Sn-A-imi(II)-Cl Epichlorohydrin 80 14 >95 107 668 
8 d Sn-A-imi(II)-Cl Glycidol 50 27 >95 247 1539 
9 d,e Sn-A-imi(II)-Cl Glycidol 50 23 >95 209 1309 
a Reaction conditions: Substrate (24.0 mL), mass of catalyst (500 mg), CO2 initial pressure 
(25 bar), time (3 h), 500 rpm. b Turnover number (TON) calculated as moles of epoxide 
converted/moles of imidazolium sites. c TONM calculated as mole of epoxide 
converted/moles of Sn sites. Amount of Sn quantified via inductively coupled plasma optical 
emission spectroscopy (ICP-OES) for each catalyst. d Reaction time (6 h). e Constant 
pressure (10 bar) 
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Figure 9: Monitoring of CO2 pressure over time for some selected reactions. Vertical guidelines 
represent 3 h reaction time.  
A comparison with other heterogeneous catalysts reported in literature was performed as well 
(Entries 4 to 7 in Table 4). It should be mentioned that a direct comparison with literature data 
is often difficult owing to the different reaction conditions employed for the catalytic tests. In 
our case this comparison is even more complicate since in many cases the catalytic tests 
employing a heterogeneous catalyst were performed in presence of an ammonium or 
imidazolium salt under homogeneous conditions.[147] The TON of our solids are much higher 
than other silica supported imidazolium salts previously reported (Entries 4-5) and tested in 































































































































































































































absence of co-catalysts. Moreover, our materials outcompete with other full heterogeneous bi-
functional catalysts reported in literature as ZnTCPP⊂(Br)Etim-UiO-66, displaying 
imidazolium moieties and Lewis acid centres (Entry 6) or catalyst 12 prepared supporting a 
phosphonium salt decorated with a phenol moiety on silica (Entry 7). 
Conclusions 
A series of multifunctional catalysts bearing imidazolium-based moieties and both alcohol and 
Lewis acid functionalities as co-catalysts were efficiently synthesized and deeply characterized 
via a combination of various techniques including N2 physisorption, 
13C and 29Si NMR, 
transmission electron microscopy, X-ray diffraction. FT-IR of CO2 adsorption was employed 
to obtain some insights on the interactions between CO2 and the surface of the novel 
heterogeneous catalysts. 
The catalysts displayed excellent catalytic performances in the reaction between CO2 and 
epoxides to give the corresponding cyclic carbonates hence proving that the presence of two 













1 Sn-A-imi(II)-Cl 125 25 3 22 108 
This 
work 
2 Sn-A-imi(II)-Br 125 25 3 36 214 
This 
work 
3 Sn-A-imi(II)-I 125 25 3 69 449 
This 
work 
4 a SiO2-p-xylene-I 150 80 3 99 237 [47] 




140 1 14 53 56 [183] 
7 a Catalyst 12-Br 90 10 6 80 40 [158] 
a Constant pressure 
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co-catalysts (Lewis acid site and alcohol functionality) may induce a synergic activation 
enhancing the overall catalytic performances. The performance of the solids was consistently 
correlated to physic-chemical data. The best solid catalyses efficiently the synthesis various of 
cyclic carbonates at low temperature and pressure down-to 50 °C and 10 bar respectively and 
it shows outstanding performances compared to other references catalysts reported in literature. 







Materials and methods 
Ammonium hydroxide (30 %), ammonia solution 4 M, glyoxal solution 40%, formaldehyde 
solution 37%, hydrochloric acid 2 M were purchased from Carl Roth GmbH+Co. 
Cetyltrimethylammonium bromide (CTAB), tetraethylorthosilicate (TEOS), N-
methylimidazole, (3-chloropropyl)trimethoxysilane, hydriodic acid 57%, styrene oxide, 
epichlorohydrin, cyclohexene oxide, propylene oxide were purchased from TCI NV Europe. 
SnCl4∙5H2O, (3-aminopropyl)-triethoxysilane, potassium bromide, potassium iodide, 
imidazole, glycidol were purchased from Sigma-Aldrich Inc. 1-(2-Hydroxyethyl)imidazole, 
hydrobromic acid 47% were purchased from abcr GmbH. DMSO-d6 was purchased from 
Eurisotop. All chemicals were used as received without further purification.  
General procedure for the synthesis of SiO2 and Sn-
SiO2 solids 
Mesoporous silica based materials were prepared according to a dilute route.[19, 210] 
Ammonium hydroxide (1.42 mL, 10,95 mmol) and CTAB (1.52 g, 4.16 mmol) were dissolved 
in 726 mL of milli-Q water (18.2 MΩ.cm). When a clear solution was obtained, silica precursor 
TEOS (6.936 g, 33.29 mmol) and – if necessary – a solution of SnCl4∙5H2O (157.6 mg, 0.45 
mmol) dissolved in 2 mL of ethanol were mixed together and added dropwise to the aqueous 
solution. After 1 h under stirring at room temperature, the solid was filtered and washed 3 times 
alternatively with water and ethanol. The solid was dried overnight at 60 °C and calcined under 
air for 8 h at 550 °C with heating and cooling rate of 2 °C/min.  
Synthesis of 1-(2-Hydroxypropyl)imidazole 
The synthesis was adapted from Borowiecki et al.[225] In a vial, 1 equivalent of imidazole and 
1 equivalent of propylene oxide were mixed together, in solvent-free conditions. The vial was 
sealed and the mixture was stirred at 500 rpm and 32 °C for 16 h. The crude was purified via a 
water/ethyl acetate phase separation. The organic phase was dried over magnesium sulphate 
and the solvent was removed by evaporation under reduced pressure.  
1H-NMR (400 MHz, DMSO-d6) d: 0.96 (d, 3H), 3.76-3.88 (m, 3H), 4.90 (d, 1H), 6.82 (t, 1H), 
7.02 (t, 1H), 7.54 (t, 1H). 13C-NMR (400 MHz, DMSO-d6) d: 21.3; 53.9; 66.2; 120.6; 128.3; 
138.2 
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General procedure for method A functionalization 
The SiO2 or Sn-SiO2 solid was dried in oven at 100 °C overnight before functionalization. In a 
round bottom flask, the silica matrix (1.5 g) was suspended in 15 mL of dry toluene. Then, (3-
chloropropyl)trimethoxysilane (12 mmol) was added. The mixture was stirred at reflux 
temperature for 24 h. After cooling, the functionalised solid was filtered and washed with 
ethanol. The solid was re-dispersed in 15 mL of acetonitrile. The imidazole derivative 1-(2-
Hydroxyethyl)imidazole or 1-(2-Hydroxypropyl)imidazole was added and the mixture was 
stirred at reflux temperature for 72 h. After cooling, the material was washed with Soxhlet 
extractor using ethanol as solvent. A metathesis can further be performed to exchange the 
chloride anion. The solid was dried at 100 °C, immersed in saturated aqueous KBr or KI 
solution, dried at 100 °C and washed by distilled water.  
The amount of imidazolium was evaluated through combustion chemical analysis. The 
efficiency of the metathesis was also verified by EDX analysis.  
General procedure for method B functionalization 
The SiO2 or Sn-SiO2 solid was dried in oven at 100 °C overnight before functionalization. In a 
round bottom flask, the silica matrix (1.5 g) was suspended in 15 mL of dry toluene. Under 
stirring, (3-aminopropyl)triethoxysilane (12 mmol) was added. The mixture was stirred at 
reflux temperature for 24 h. After cooling, the functionalised solid was filtered and washed by 
ethanol. The solid was re-dispersed in 3 mL NH3 (4M). Glyoxal (1.371 mL 40% aqueous 
solution) and formaldehyde (0.894 mL 37% aqueous solution) were added and the reaction was 
stirred for 24 h at 50 °C. The solid became brownish. It was filtered and washed by ethanol. 
The solid was dispersed in ethanol in a round bottom flask. Propylene oxide (0.840 mL) was 
added and the reaction was stirred for 24 h at room temperature with a cap to avoid the 
propylene oxide to evaporate. Finally, 6 mL HCl (2 M) were added slowly and the mixture is 
stirred for 30 minutes. The solid was washed with a Soxhlet extractor using ethanol as solvent. 
The same procedure was performed using 1.377 mL HBr (47%) or 1.583 mL HI (57%) instead 





Figure S1: 13C CP MAS NMR of the precursor materials. 
 
Figure S2: 13C CP MAS NMR of the bromide and iodide containing materials 
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Figure S3: 29Si CP MAS NMR of the bromide and iodide containing materials 
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Figure S4: N2 physisorption isotherms and the corresponding pore size distribution of 
non-functionalized and Sn-free materials 
  











































































































































































































Figure S5: N2 physisorption isotherms and the corresponding pore size distribution of the 
bromide and iodide containing catalysts 
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Figure S7: 13C CP MAS NMR of Sn-A-imi(II)-Cl after 4th recycling test 
 
Figure S8: 29Si CP MAS NMR of Sn-A-imi(II)-Cl after 4th recycling test 





Figure S9: N2 physisorption isotherm of Sn-A-imi(II)-Cl after 4
th recycling test 





























Figure S10: Pore size distribution of Sn-A-imi(II)-Cl after 4th recycling test 
  




































The present PhD thesis can be considered as a work in the general context of sustainable 
processes and synthesis strategies. Indeed, the concepts of Green Chemistry guided the present 
research to the development of new recoverable and reusable catalysts to promote a reaction 
itself consistent with Green Chemistry principles (see the last part of introduction section, 
dedicated to Green Chemistry within the frame of CO2 conversion to cyclic carbonates).  
Among the already available catalysts, imidazolium salts are among the mostly used and highly 
active for the conversion of epoxides and CO2 to cyclic carbonates. It is also well described 
that the use of a co-catalyst such as Lewis acids and/or H-bond donors is very helpful to 
accelerate the reaction rate and/or lessen the working temperature. Hence, further supporting 
the overall sustainability of the target process. However, if the heterogenization of one of the 
cited elements is well reported in the literature, the selected heterogenized catalyst is often used 
with a co-catalyst in homogenous phase, discarding the possibility of an easy reuse of both 
partners of the reaction. There are very few examples of materials embedding both the catalyst 
and the co-catalyst together on the same solid.  
During this thesis, multifunctional materials were designed to this very purpose and 
synthesized through sol-gel chemistry. Mesoporous silica materials represent an attractive 
support thanks to their robustness and their large surface area, ideal for heterogeneous catalysis. 
They also present a vast library of possible functionalization, by co- or post-synthesis. Here, 
both approaches were used successfully.  
The various materials were all fully characterized to attest their textural and structural 
properties. To this end, several techniques were involved but mainly TEM, N2 physisorption, 
13C and 29Si MAS NMR, combustion chemical analysis and ICP-OES. When applicable, a deep 
understanding of the insertion or functionalization of the co-catalyst was involved. The 119Sn 
NMR and Auger electron spectroscopy were involved to investigate the proper insertion of 
respectively the tin and zinc through co-synthesis in the silica. Thereafter, the Lewis acidity of 
these materials was evaluated by microcalorimetry to deeper understand the relationship 
between the surface of the material and the epoxide substrate. Further, the modification of the 
imidazolium salt to adjoin a H-bond donor was proved thanks to 13C MAS NMR. The 
interaction (often neglected) between the CO2 and the co-activator was investigated thanks to 
the CO2 adsorption coupled to IR analysis to gain an even deeper comprehension on the 
catalytic mechanism on the surface.  
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Other metals were inserted in the silica network. The titanium insertion was followed by XPS, 
UV-Visible spectroscopy and the importance of the post-treatment, i.e. the removal of the 
templating agent was demonstrated. More than its efficiency as co-catalyst with imidazolium, 
it showed also to be valuable for the prior step of epoxidation of alkenes to lead to a potential 
cascade reaction. Further, the insertion of aluminium was verified via 27Al MAS NMR and the 
resulting acidity via microcalorimetry. To this metallic centre co-catalyst, the adjunction of two 
different catalysts and the synergic effect between them was questioned. The synergic effect of 
MgO with Al was outcompeted by the synergic effect arising from imidazolium chloride with 
the same Al.  
Finally, it would be desirable to control more accurately the Lewis acidity on these solids. An 
elegant solution is provided by the organo-boron chemistry. The acidic properties of the boron-
base compounds can be finely tuned by varying its substituents. In the final chapter of this 
thesis, a first step was achieved through the synthesis and anchoring of a pinacol borane moiety 
on the surface of a mesoporous silica together with an imidazolium chloride. This subject 
deserves a future work detailed hereafter.  
Along the present work, a particular attention was dedicated to the recovering and the reusing 
of the materials, consistently with Green Chemistry principles. Among the 12 guidelines, some 
of them intrinsically match to Green Chemistry, such as the atom economy of 100 % or the use 
of CO2 usually considered as a waste. The present work focusses on the comparison and 
understanding of the materials developed. Moreover, it worth to notice that a total conversion 
to cyclic carbonates can be achieved with longer reaction time or slightly increasing the amount 
of catalyst employed. This result together with the fact that the reaction is performed under 
solvent-free condition, with a total selectivity and considering that an easy separation of the 
catalyst via filtration or centrifugation can be easily achieved, render the entire process highly 
sustainable. The E factor usually calculated to evaluate the amount of waste produced 
compared the desired product is meaningless in this case. Moreover, the materials developed 
inhere bring new advantages such as the lower reaction temperature and pressure.  
Hereunder, the best catalytic results employing epichlorohydrin (Table 1) or styrene oxide 
(Table 2) are summarized and general trends are extracted. The reaction temperature as well as 
the reactivity of the selected substrate are crucial to observe differences between catalysts. It is 
particularly clear from Entries 1-3 in Table 1. Furthermore, a positive evolution of the 
efficiency of the material is observed along the different chapters of this thesis. Starting from 
the initial bifunctional Sn-SiO2-imi catalyst, an increased activity was observed passing to the 
tri-functional Sn-A-imi(II)-Cl (Table 1: Entries 3-4). The same trend as observed when styrene 
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oxide was employed as starting material (Table 2: Entries 1-3). It deserves to be mentioned that 
the importance of the nucleophile was also investigated. Enhanced performances were 
achieved in the series Sn-A-imi(II)-X, where X stands for Cl; Br or I (Table 2: Entries 3-6).  
Passing to the titanium-containing Ti-SiO2-imi solid, a further increase of the TON was 
observed, overpassing the tri-functional solids for styrene oxide (Table 2: Entry 3 vs 6). Finally, 
the aluminium-based material demonstrated the highest activity for styrene oxide conversion 
(Table 2: Entry 7). In all the cases studied, an excellent selectivity was achieved (> 95 %) as 
well as reusability of the material. After a simple washing procedure, the conversion of the 
material remains the same for several cycles. This is very encouraging for future applications 
of these materials for the production of cyclic carbonates at larger scale.  
 
Table 1: Catalytic conversion of epichlorohydrin using various catalysts 







1 Sn-SiO2-imi 125 53 > 95 233 
2 Sn-SiO2-imi 100 40 > 95 185 
3 Sn-SiO2-imi 80 16 > 95 78 
4 Sn-A-imi(II)-Cl 80 14 > 95 107 
 
Table 2: Catalytic conversion of styrene oxide using various catalysts 







1 Sn-SiO2-imi 125 32 > 95 96 
2 Zn-SiO2-imi 125 32 > 95 98 
3 Sn-A-imi(II)-Cl 125 22 > 95 108 
4 Sn-A-imi(II)-Br 125 36 > 95 214 
5 Sn-A-imi(II)-I 125 69 > 95 449 
6 Ti-SiO2-E-imi 125 42 > 95 127 






In the latest chapter of this thesis, a first approach was performed with the grafting of 
pinacolborane jointly with imidazolium chloride. The accomplished work is only a first step in 
a more complex work. A series of linker to the surface are currently under investigation to 
adjust the interaction with the silica surface and improve, hopefully, the stability. Then, the 
synthesis of new borane moieties with different substituents are envisaged to master the acidity.  
Along the present thesis, the general pathway was the integration by co-synthesis of the co-
catalyst and followed by the grafting on the surface of the imidazolium moieties. An opposite 
method has been started with the successful synthesis of a periodic mesoporous silica network 
(PMO) embedding imidazolium by a co-synthesis approach. The co-catalyst, for instance the 
organoboron previously developed, could be anchored on the PMO surface afterward.  
 
Along the present work, it has been attempted to study more deeply the interaction of the co-
catalysts with the CO2 and the epoxides substrates. This was performed using microcalorimetry 
and adsorption of CO2 coupled with FT-IR. These techniques are based on the adsorption of 
common gas. It is very complicated to extend this study to epoxides mostly liquid at room 
temperature. This implementation of probe molecules to NMR could lead to even deeper 
understanding of the catalysis. These are very exciting challenges toward a better 
comprehension of the interaction of both substrates: the CO2 and the epoxide.  
 
A great challenge would be to get the reaction out of the lab and find application directly with 
flue gas instead of pure carbon dioxide. This evolution could be accompanied by the application 
of the catalysts to the flow chemistry. Experiments here were performed under batch condition 
with a stirrer, under pressure of CO2. Several researchers demonstrated the applicability of their 
catalyst to the flow chemistry with the heterogeneous catalyst trapped in cartridges. 
Furthermore, it might be the most promising way for a operational cascade reaction starting 





General experimental section  
Materials and Methods  
N2 physisorption  
Nitrogen adsorption-desorption analyses were carried out at liquid nitrogen temperature with a 
volumetric adsorption analyser (Micromeritics ASAP2420 or Tristar). Prior to the analysis, the 
samples were pre-treated in two steps (90 °C for 1 h and 150 °C for 8 h) under reduced pressure 
(<10 mTorr). The Brunauer–Emmet–Teller (BET) method was applied in the 0.05–0.30 
relative pressure range to calculate the specific surface area, while the pore size distributions 
were determined by BJH, HK or DFT method, using cylinder geometry, N2 – Cylindrical Pores 
– Oxide surface model, 0.10 regularization and a version 2 deconvolution.  
Transmission electron microscopy  
Transmission electron microscopy (TEM) images were obtained using a Philips Tecnai 10 
microscope from the MORPHIM platform (Morphology & Imaging) operating at 80 kV. 
Samples were prepared by dispersion of a small quantity of material in absolute ethanol and 
deposited onto a copper grid.  
X-Ray diffraction  
X-Ray Diffraction analysis is performed on a PANalytical X’Pert diffractometer with a Kα 
Copper radiation (λ=1.54178 Å). Analysis are performed at low-angle to assess the long-range 
order of the mesopores of the materials.  
Inductively coupled plasma optical emission 
spectroscopy  
Inductively coupled plasma optical emission spectroscopy (ICP-OES) employed to determine 
the chemical composition of the materials was performed an Optima 8000 ICP-OES 
Spectrometer. Digestion was performed weighting 10 mg of the solid and digesting it with aqua 
regia (100 µL) and hydrofluoric acid (600 µL) in 10.0 mL milli-Q water. Sn, Zn, Ti, B (1000 
mg/L) standard solution, nitric, hydrochloric and hydrofluoric acids Ultra-quality for 
calibration and digestion steps were purchased from Carl Roth GmbH.  
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Combustion chemical analysis 
Combustion chemical analyses were performed on a Perkin-Elmer 2400 Serie 2 analyser. The 
standard is acetanilide. This instrument was mainly used for the determination of the 
imidazolium content through the nitrogen amount in the material. In chapter III, the instrument 
allowed to confirm the complete removal of the surfactant through the carbon content.  
Solid-state nuclear magnetic resonance  
29Si and 13C NMR spectra were recorded on a Bruker Avance-500 spectrometer operating at 
11.7T (99.3 MHz for 29Si and 125.7 MHz for 13C) using a 4 mm CP-MAS Bruker probe. The 
sample were packed in a zirconia rotor and measured with spinning frequencies of 8000 Hz. 
Cross polarization CP-MAS spectra were recorded using a 5 s relaxation delay and 5 ms contact 
time for 29Si and 2 ms for 13C. The processing comprised exponential multiplication of the FID 
with a line broadening factor of 30 Hz for 29Si or 10 Hz for 13C, zerofilling, Fourier transform, 
phase and baseline corrections. The chemical shift scale was calibrated at room temperature 
with respect to a sample of solid 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) 
(0.0 ppm) purchased from Sigma-Aldrich.  





























119Sn NMR spectra were recorded at room temperature on a Varian VNMRS-400 spectrometer 
operating at 9.4 T (149 MHz for 119Sn) using a 10 mm wideline probe. The sample was packed 
in a 10 mm Kel-F container and studied in static condition. 119Sn spectra were recorded using 
the Hahn echo pulse sequence and following acquisition parameters: 60 s relaxation delay, 3.0 
μs (90°) excitation pulse, 5 ms acquisition time. The processing comprised exponential 
multiplication of the FID with a line broadening factor of 1000 Hz, zero-filling, Fourier 
transform, phase and baseline corrections. The chemical shift scale was calibrated at room 
temperature with respect to the isotropic shift of SnO2 to -603 ppm.[287]  
Catalytic tests: conversion of epoxides and 
CO2 
All catalytic tests were performed in a Cambridge Design Bullfrog batch reactor. All catalysts 
were dried overnight at 100 °C prior to catalytic test. In a typical test, the solid was weighted 
in a Teflon vial. The epoxide (24 mL) was added without solvent. Then, the reactor was closed, 
purged with a gentle flow of N2 for 10 minutes, pressurized with CO2 (25 bar) and heated. The 
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mixture was stirred at 500 rpm using PTFE-coated mechanical stirrer and heated to the desired 
temperature with a controlled ramp. During the test, both temperature and pressure are 
monitored and recorded. At the end of the reaction, the reactor was cooled down to room 
temperature, the pressure released and the reactor opened. The reaction mixture was submitted 
to centrifugation for 10 min at 4500 rpm and the supernatant was analysed by 1H-NMR using 
DMSO-d6 as solvent. 
The catalysts were submitted to washing prior to reuse. After removal of the epoxide/carbonate 
mixture by centrifugation, the catalyst was dispersed in toluene, submitted to sonication for 15 
minutes and centrifuged. The supernatant is removed. The operation is repeated with ethanol 
as solvent. When necessary, an additional washing with HCl/ethanol was performed.  
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List of abbreviation  
BET Brunauer-Emmett-Teller 
BJH Barrett-Joyner-Halenda  
bmim 1,3-butylmethylimidazolium 
Bpin pinacolborane 
CHO cyclohexene oxide 
Conv.  conversion 
CP cross-polarization 
CTAB cetyltrimethylammonium bromide 
DFT density functional theory  
DMSO-d6 hexadeuterated dimethylsulfoxide 
DR UV-Vis diffuse reflectance ultraviolet-visible spectroscopy  
EDX Energy-dispersive X-ray 
EtOH ethanol 
FT-IR Fourier-transform infrared 
HK Horvath-Kawazoe 
ICP-OES inductively coupled plasma – optical emission spectroscopy  
IR infrared 
MAS magic-angle spinning  
MCM Mobil Composition of Matter 
MOF metal-organic framework 
NMR  nuclear magnetic resonance 
psd pore size distribution  
PTFE polytetrafluoroethylene  
Qdiff. differential heat of adsorption  
Sel.  selectivity  
SO styrene oxide 
TBAB tetrabutylammonium bromide 
TBHP tert-butyl hydroperoxide  
TEM transmission electron microscopy 
TEOS tetraethylorthosilicate 
TOF  turnover number 
TON  turnover frequency 
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TTIP titanium tetraisopropoxide 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
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